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[bookmark: _Toc233981229]Executive Summary
Mongolia is among the countries most exposed to climate change, and its smallholder vegetable producers are among the most vulnerable to the resulting water scarcity, wind erosion and compression of an already short growing season. This report is the feasibility and technology assessment prepared under Output 1.2 of a Technical Assistance delivered through the Climate Technology Centre and Network and implemented by OIKO LOGICA S.L., which aims to reduce that vulnerability in Dundgovi and Uvurkhangai aimags by combining ecosystem-based adaptation with digitalised crop insurance. Its task is to identify the technologies that are technically suitable and operationally realistic for these farmers, and to define the packages and assumptions for the cost-benefit analysis presented in the companion report under Output 1.3.

Four technology families were assessed — greenhouses, irrigation, agroforestry and enabling energy — each screened through a multi-criteria assessment against climate suitability, water efficiency, technical feasibility, affordability, resilience and scalability, and then filtered against the realities of extreme aridity and smallholder capacity. The analysis draws on a desk review of national data, a field mission to both aimags, and consultation with national and international stakeholders.
The enabling context supports these investments. Mongolia’s policy architecture — from Vision 2050 and the New Recovery Policy to the Nationally Determined Contribution, the National Adaptation Plan and the food-security programmes — explicitly promotes protected horticulture, efficient irrigation, renewable energy and afforestation, although solar-powered irrigation is not yet treated as an integrated concept in any policy document and gaps remain in technical standards and insurance regulation. The market rationale is equally strong: national demand is growing, an import gap of roughly 125 thousand tonnes of fresh vegetables a year offers a clear substitution target, and the collapse of domestic supply outside the short summer season creates an off-season price premium that protected cultivation is uniquely placed to capture. The beneficiary analysis differentiates the target smallholders into three investment-capacity tiers and matches each tier to an affordable entry point, from low-cost drip kits to cooperative greenhouse clusters, so that the recommendations remain implementable across the range of farm households the project is meant to serve.
The assessment converges on a compact, mutually reinforcing shortlist. Protected production is best delivered by earth-sheltered passive-solar greenhouses, upgraded to third-generation designs that permit two harvests a season. Water is supplied by solar-powered pumping with drip irrigation, managed collectively through water-users’ associations. Nature-based protection is provided by multifunctional shelterbelts, identified as the foundational, first-priority intervention in both provinces; oasis-type agro-silvo systems integrating fruit trees and berries are recommended as a second, higher-value layer where water and capacity allow. Solar photovoltaics is the enabling energy source, and digitalised index-based insurance provides a complementary financial risk-transfer layer — although the analysis is clear that insurance alone, without the underlying productivity and resilience investments, is not sufficient.

A central conclusion is that these technologies deliver most as an integrated package rather than in isolation: shelterbelts protect greenhouses and reduce irrigation demand, and solar pumping secures the water that establishes the agroforestry. The two provinces require different emphases. Dundgovi, in the semi-desert Gobi belt, calls for a protection-first package built around wind and water; Uvurkhangai, with better soils and greater water availability, supports a “protect and diversify” package that adds fruit-tree and berry production.

The economic analysis in the companion report shows that the greenhouse is the decisive value driver: only packages that contain it are financially attractive. The integrated package is robustly viable in Uvurkhangai (with a net present value of roughly USD 15,600 and an internal rate of return near 43%), and viable in Dundgovi provided the low-cost passive-solar greenhouse is used — the higher-specification polycarbonate structure makes the Dundgovi package unviable on financial grounds alone and is justified only with public co-financing. Because the shelterbelts supply the wind protection, the lower-cost greenhouse is technically adequate, which is precisely what makes the Dundgovi package work. Across both provinces, economic returns exceed financial returns once import-parity valuation and carbon co-benefits are counted, providing a clear rationale for public co-financing.

The report therefore recommends deploying integrated, province-specific packages rather than stand-alone technologies; establishing shelterbelts as the foundational layer first; adopting the passive-solar greenhouse and solar-powered drip irrigation as the core productive investments; and using public co-financing to capture the economic and adaptation co-benefits, particularly in Dundgovi. Key parameters — greenhouse capital costs and yields, agroforestry establishment and survival rates, and the insurance structure — should be confirmed through field verification before scale-up. The shortlisted packages are carried forward to the full cost-benefit analysis in the companion report.


[bookmark: _Toc233981230]Introduction
[bookmark: _Toc233981231][bookmark: _Toc207369717]Background and rationale
Mongolia is among the countries most exposed to climate change. Mean annual air temperature has risen by well over two degrees Celsius since the middle of the twentieth century — appreciably faster than the global average — and the warming is accompanied by more frequent droughts, dzuds (extreme winters), heatwaves, dust storms and erratic precipitation. These trends act on a landscape already marked by aridity, fragile soils and advancing desertification, the greater part of the national territory being affected by land degradation to some degree.[28] 
Agriculture is highly sensitive to these pressures, and smallholder vegetable producers are among the most exposed. In the two target aimags — Dundgovi, in the semi-desert Gobi belt, and Uvurkhangai, in the forest-steppe and steppe transition — vegetable cultivation is constrained by short growing seasons, water scarcity, strong winds and wind erosion, and limited protective infrastructure. Yields are volatile and incomes precarious, and the sector remains marginal despite a persistent national supply gap: Mongolia still imports a substantial share of the vegetables it consumes, so strengthening domestic smallholder production carries food-security as well as livelihood benefits. Chapter 6 quantifies this market and supply gap in detail.
Improving the climate resilience of these systems is therefore both an adaptation priority and a development opportunity. It is an explicit commitment under Mongolia’s Nationally Determined Contribution[33] and National Adaptation Plan[32], and it aligns with the global goal on adaptation under the Paris Agreement[67] and with several Sustainable Development Goals[65].
[bookmark: _Toc233981232]The technical assistance and its approach
This report is prepared under a Technical Assistance provided to Mongolia through the Climate Technology Centre and Network (CTCN) — the operational arm of the UNFCCC Technology Mechanism, hosted by the UN Environment Programme — in response to a request submitted through the country’s National Designated Entity, and implemented by OIKO LOGICA S.L. Its goal is to reduce the vulnerability of smallholder vegetable farmers to climate change, and in particular to water scarcity, in Dundgovi and Uvurkhangai aimags, by combining ecosystem-based adaptation with digitalised climate-risk insurance.
The Technical Assistance promotes four complementary, climate-resilient technologies: solar-powered water pumping and irrigation; climate-resilient greenhouse systems for season extension and protected production; agroforestry, principally multifunctional shelterbelts; and digitalised, index-based crop insurance as a financial risk-transfer layer. A premise developed throughout the report is that these technologies deliver most when deployed as an integrated package rather than in isolation — shelterbelts that protect greenhouses and reduce irrigation demand, and solar pumping that also secures the water needed to establish agroforestry.
[bookmark: _Toc233981233]Objectives and scope of this report
This report is the feasibility and technology assessment delivered under Output 1.2 of the Technical Assistance. Its purpose is to identify the technology options that are technically suitable and operationally realistic for the target smallholders, and to define the technology packages and assumptions that the Cost-Benefit Analysis (CBA) under Output 1.3 will evaluate. It is organised around four guiding questions: which technologies are technically suitable for smallholder vegetable farmers in the two aimags, and under what conditions each works; what the main design parameters, risks and enabling conditions are; which options should proceed to the CBA; and what assumptions that analysis should test.
To answer them, the assignment establishes the biophysical, institutional and socio-economic baseline for the target systems; defines the target beneficiaries and farming systems; assesses the technical suitability of greenhouse, irrigation, agroforestry and enabling-energy options; applies a multi-criteria assessment to shortlist the most relevant options; defines province-specific technology packages; and provides the technical and preliminary economic basis for the CBA.
The report deliberately stops short of the full financial and economic appraisal. The CBA itself — with calculations of net present value (NPV), internal rate of return (IRR), benefit–cost ratios (BCR), sensitivity analysis and economic valuation — is presented in a separate companion report under Output 1.3, to which this study hands off in Chapter 8.
[bookmark: _Toc233981234]Policy alignment
The interventions assessed here are consistent with Mongolia’s principal climate and development frameworks — including Vision 2050, the New Recovery Policy, the Nationally Determined Contribution and the National Adaptation Plan — and with international commitments under the Paris Agreement, the Convention on Biological Diversity, the UN Convention to Combat Desertification and the Sustainable Development Goals. Because the policy and institutional environment is central to the feasibility of these technologies, it is examined in detail in Chapter 3 and is not repeated here.
[bookmark: _Toc233981235]Structure of the report
The report proceeds from framing and context to assessment and recommendations. Chapter 2 sets out the methodology and assessment framework. Chapter 3 analyses the policy and institutional context. Chapters 4 and 5 establish the biophysical baseline and agro-ecological zonation, and the target beneficiaries and farming systems. Chapter 6 assesses the vegetable market and the domestic supply gap. Chapter 7 presents the technology-by-technology feasibility assessment, together with the comparative screening and shortlisting; Chapter 8 combines the shortlisted technologies into province-specific packages and defines the basis for the cost-benefit analysis; and Chapter 9 draws the conclusions and recommendations. The companion Output 1.3 report then carries the shortlisted packages through the full cost-benefit analysis.


[bookmark: _Toc224899667][bookmark: _Toc233981236]Methodology and Assessment Framework
[bookmark: _Toc233981237]Overall assessment approach
The assessment follows a mixed-methods approach that combines a structured desk review, a field mission to the two target aimags, stakeholder consultation, a multi-criteria technology screening, and a preliminary production-economics analysis. These elements feed a single decision logic: from a broad set of candidate technologies, to a shortlist established by multi-criteria assessment, to integrated province packages, to the assumptions required for the subsequent cost-benefit analysis.

Across all technology categories, feasibility is judged through four analytical lenses — technical and production feasibility, economic feasibility, environmental and climate-resilience performance, and operational feasibility. Within each category, more specific criteria are applied to reflect the particular characteristics of greenhouse, irrigation, agroforestry and enabling-energy systems (Table 1). The analysis draws on expert judgement, published performance evidence, comparative analysis of cultivation systems, and preliminary cost and resource-efficiency considerations; more detailed monitoring-based indicators, such as yield tracking and resource-use recording, are left to the pilot-implementation phase.

Table 1. Key analytical lenses
	Analytical lense
	Description
	Technology-specific Criteria for  MCA

	Technical and production feasibility 
	Assess whether each technology can function effectively under local climatic, soil, wind, and water conditions.
	review of expected yield production performance under local conditions (kg/m²)
climate suitability
resource efficiency
comparison of cultivation systems
indicative resource-use efficiency

	Environmental and resilience performance
	Assessment of water quality 
	water sustainability considerations
resilience to drought, frost, and wind
high-level environmental screening
soil and moisture conservation considerations

	Operational feasibility 
	Assess whether the technology can realistically be adopted, operated, and maintained by smallholder farmers and local institutions.
	technical simplicity
operation and maintenance requirements
smallholder manageability
institutional / service support needs

	Economic feasibility 
	Assess whether the technology is likely to improve production performance through better yields, lower variable costs, greater efficiency in the use of limiting resources, and improved gross margins.
	indicative cost ranges
preliminary production economics framing
gross margin logic where relevant
identification of variables for CBA

	Province-specific contextualization
	Administrative, technical and financial support by local governmental structures
	Actual support situation
Agro parc support
Agroforestry, nursery support
Community plantation, afforestation support

	Source: Created by author


[bookmark: _Toc233981238]Data sources and evidence base
The assessment rests on three complementary evidence streams. First, a desk review of national statistics and sectoral data — including the National Statistical Office and its 1212.mn portal, customs trade data, the Agriculture Sector Yearbook and prior technical studies by FAO, ADB and others — provides the quantitative baseline for the climate, land, production and market analysis. Second, a field mission to Dundgovi and Uvurkhangai, comprising site visits and semi-structured interviews with farmers and, with the support of two agronomists from the provincial agriculture and environment departments, on-site observation and yield measurement, grounds the assessment in local conditions. Third, consultation with national and international stakeholders — line ministries and agencies, development partners and the insurance sector — informs the institutional and financial dimensions of feasibility. A participatory farm-household questionnaire was used to collect primary data on cropped area, enterprise mix, constraints and input sources.
[bookmark: _Toc233981239]Ecosystem-based adaptation framework
The technology packages are framed as ecosystem-based adaptation (EbA), defined as the use of biodiversity and ecosystem services as part of an overall strategy to help people adapt to the adverse effects of climate change.[64] In this project EbA is expressed principally through multifunctional shelterbelts and agroforestry, which reduce wind speed and evapotranspiration, stabilise soils and improve the microclimate for crops and infrastructure, complemented by water- and energy-efficient technologies.
Consistent with the IUCN Global Standard for Nature-based Solutions[29], the assessment treats EbA measures as part of a broader, people-centred adaptation strategy rather than as stand-alone engineering. It also applies a maladaptation screen: interventions are tested against the risk of adaptation actions that increase vulnerability or shift it elsewhere — for example, the over-extraction of groundwater — in line with the IPCC’s treatment of maladaptation.[28] The detailed maladaptation risk register is presented in the companion CBA report.
[bookmark: _Toc233981240]Technology screening: multi-criteria analysis
Because the candidate technologies are heterogeneous and their benefits are only partly monetary, they are screened using a multi-criteria analysis (MCA) — a transparent decision-support method that scores options against a common set of weighted criteria and is widely used where financial metrics alone cannot capture environmental and social performance.[8, 15] A common criteria set is applied across families: climate suitability, water efficiency, technical feasibility, affordability and investment intensity, operation-and-maintenance complexity, resilience to wind, frost and heat, scalability for smallholders, compatibility with insurance and finance, and maladaptation risk.

The screening proceeds in two stages. In the first, comparative scoring, each option is rated on a common one-to-five scale (1 = very low or disqualifying, 3 = moderate, 5 = very high or best-in-class) and a weighted score is computed as the sum of score multiplied by weight. In the second, strategic filtering, the highest-scoring options are further tested against deployment realities — alignment with the smallholder horticultural focus, feasibility under extreme aridity, and scalability under institutional and financial constraints — so that the shortlist reflects not only performance but practicality. The criteria weights and scores specific to each technology category are set out in Chapter 7 and consolidated in Annex 1.
[bookmark: _Toc233981241]Production economics
Production economics enter the assessment in two ways. Conceptually, the treatment of costs and returns is grounded in enterprise-budget and gross-margin logic — gross margin being gross output less variable costs, a standard farm-management measure of crop-level profitability that highlights the main drivers of returns, such as yield, input intensity and price exposure. This logic is used qualitatively here, to reason about the relative attractiveness of crops and options; it is not, however, the basis for the technology comparison, because gross margin excludes fixed and capital costs and ignores differing asset lives and cash-flow profiles, and so cannot compare technologies with different investment requirements. That is precisely why this report screens technologies with the multi-criteria assessment and leaves the full appraisal to the cost-benefit analysis. The detailed enterprise budgets and gross-margin calculations for individual vegetable crops are developed in the companion CBA report (Output 1.3), where they are used to construct the annual benefit streams; they are not reproduced here.
[bookmark: _Toc233981242]Interface with the Cost-Benefit Analysis
The full financial and economic appraisal of the shortlisted packages is undertaken in the companion report under Output 1.3, following standard practice for the economic analysis of projects.[1] That analysis evaluates each package against a baseline using net present value, internal rate of return, the benefit–cost ratio and the payback period, and complements the financial analysis with an economic analysis using import-parity valuation and carbon co-benefits. The present report defines the packages, scenarios and assumptions that the CBA requires; the two documents are designed to be read together.
[bookmark: _Toc233981243]Limitations
The study is primarily an outcome of a literature review and consultation with a limited number of national key informants. The consultants were able to gain an understanding of the national and, in particular, regional structures within just a few days. The information gathered in this study through consultation with the narrow sphere of ‘stakeholders’ may not truly reflect the view of primary growers or the national and rural decision makers/traders/administrative staff, as the circle of stakeholders is large and complex, which may be approached through more rigorous and time-consuming processes.


[bookmark: _Toc732765750][bookmark: _Toc233981244]Policy and Institutional Context
This chapter provides a synthesis of the policy, institutional, and regulatory environment relevant to the deployment of the three core technology areas assessed in this feasibility study: solar-powered irrigation, greenhouse infrastructure, and agroforestry. The analysis draws on the comprehensive policy mapping and gap analysis conducted under Output 2 of this technical assistance, supplemented by stakeholder consultations, field mission inputs, and international literature. A thorough understanding of the enabling environment is a prerequisite for any credible feasibility assessment: policy support determines the availability of financing and incentives; institutional capacity governs the delivery and sustainability of interventions; and regulatory and standards frameworks determine the quality assurance, safety, and long-term viability of deployed technologies.
[bookmark: _Toc233981245]National policy and strategic framework
[bookmark: _Hlk233745751][bookmark: _Hlk233745810]Mongolia’s development policy architecture follows a hierarchical structure established by the Law on Development Policy, Planning and its Management (2020): the long-term Vision-2050 at the apex, followed by medium-term strategies (the New Recovery Policy, Five-Year Development Guidelines), and sector-specific programmes and campaigns (Atar-4, Billion Trees). This architecture is complemented by Mongolia’s international climate commitments under the Paris Agreement (NDC 3.0) and the UNFCCC (National Adaptation Plan). All four focal areas of this assignment — solar-powered irrigation, water management, greenhouse infrastructure, and agroforestry — are addressed within this framework, demonstrating strong vertical coherence from national vision to operational targets. Table 2 provides a summary mapping of the key policy instruments to the focal topics of this assignment.

Table 2. Key policy instruments and their relevance to focal technology areas
	Policy instrument
	Year
	Solar irrigation
	Greenhouses
	Agroforestry
	Water management

	Vision-2050
	2020
	Target 9.2.5: RE for rural households
	Target 8.3: Sustainable agriculture
	Target 6.2.1: Agroforestry parks
	Target 6.3: Water security

	Vision-2050 Action Plan 2021–2030
	2020
	30% RE installed capacity by 2030
	—
	—
	Tiered water pricing

	New Recovery Policy 
	2021
	Section 4.4: Irrigated farming
	Section 3.4: Crop production
	Section 5: Billion Trees
	Section 4.4: Reservoirs

	Gov. Action Plan 2024–2028
	2024
	3.3.3.8: Citizen RE generation; 3.3.3.12: 10,000 Solar Rooftops
	3.3.4.20: 50 ha greenhouse park; 1.2.2.6: 45,000 t Agro-City
	3.4.2.3: Windbreaks
	3.3.4.22: Irrigated farmland, reservoirs

	Atar-4 Campaign
	2025
	1.1.4: Smart sensor technologies
	4.1.5: Greenhouse area 39→89 ha
	1.1.6: 10,000 km forest strips; 3.1.8: 75 ha nurseries
	1.1.4: Water-efficient tech

	Resolution No. 36 (Food security)
	2022
	—
	3.e: 270 ha incl. 50 ha solar cluster
	3.k: Agroforestry in aimag/soum centres
	3.a: +50,000 ha irrigated; 3.i: Runoff harvesting

	NDC 3.0
	2024
	Drip irrigation
	—
	Forest strips around croplands
	Water-efficient technologies

	NAP
	2025
	Action 1.3: Irrigation norm revision (5,800M MNT)
	Action 13.1: Drip irrigation, mulching
	Action 7.2: 19,000 ha agroforestry (1.15T MNT); Action 12.6: Forest strips
	Action 1.3: Water meters 45→60%

	Billion Trees Campaign
	2021
	—
	—
	173M trees for agroforestry; 19,000 ha across 190 soums
	—

	LDN targets (UNCCD)
	2015
	—
	—
	Forest cover: 7.85% → 9% by 2030
	—

	Source: Created by author



Vision-2050 (Parliament Resolution No. 52, 2020) is the overarching national strategy. Target 8.3 (“Sustainable Agriculture”) envisions transforming crop farming into a climate-resilient, high-productivity, ecologically responsible sector. Target 6.3 addresses water security, including tiered water pricing and reservoir construction. The Action Plan for 2021–2030 sets a target of 30 percent renewable energy in total installed capacity by 2030. Target 6.2.1 references agroforestry parks as part of natural resource restoration.
The New Recovery Policy (Parliament Resolution No. 106, 2021) operationalises Vision-2050 over the medium term (2021–2030). It supports crop and livestock production for food security (Section 3.4), targets the development of irrigated farming and reservoir construction (Section 4.4), and commits to the Billion Trees national campaign and measures to address water scarcity and desertification (Section 5 “Green Recovery”) — creating a direct policy link between agricultural water needs and environmental restoration.

The Government Action Plan 2024–2028 contains the most operationally specific targets. Measure 1.2.2.5 envisions a combined greenhouse and renewable energy model farm at Shine Zuunmod — one of the few policy provisions that explicitly connects renewable energy with agricultural production. Measure 3.3.3.8 enables citizen-level renewable energy generation. Measure 3.3.4.20 plans a 50-hectare winter greenhouse agro-park. Measure 3.3.4.22 targets expanding irrigated farmland and constructing reservoirs.

The Atar-4 Campaign (Government Resolution No. 47, January 2025) is the most directly relevant sector programme. Its 67 measures under five targets encompass: introducing water- and energy-efficient smart technologies (item 1.1.4); establishing 10,000 km of protective forest strips and shelterbelts (item 1.1.6, up from 3,557 km in 2024); supporting advanced greenhouse complexes through preferential loans with a target of expanding greenhouse area from 39.1 to 89.0 hectares (item 4.1.5); and establishing model agroforestry nurseries of 75.1 hectares (item 3.1.8). The campaign’s preferential lending rates are set at 8,000 MNT per m² for summer greenhouses and 10,000 MNT per m² for winter greenhouses, with up to 70 percent financing for equipment, irrigation systems, and storage facility construction.

Parliament Resolution No. 36 (2022) on food supply and security targets expanding irrigated cropland by 50,000 hectares, increasing total greenhouse area to 270 hectares including a 50-hectare solar greenhouse cluster, promoting water-saving irrigation technologies and surface runoff harvesting, and developing agroforestry over 30 hectares in aimag centres and 10 hectares in soum centres.

Climate policy instruments. Mongolia’s updated Nationally Determined Contribution (NDC 3.0, 2024) targets a 23 percent GHG emission reduction by 2030 (versus business-as-usual) and includes specific crop sector adaptation measures: drip irrigation and synthetic film mulching in vegetable farming, forest strips around croplands, soil-conserving zero-tillage, and drought-resistant crop varieties. The National Adaptation Plan (2025) contains 99 measures under 15 targets, of which 31 measures under 9 targets are relevant for agriculture. Key measures include revising irrigation norms (Action 1.3, budget: 5,800 million MNT), expanding agroforestry to 19,000 hectares (Action 7.2, budget: 1,150,000 million MNT), and introducing drip irrigation and ecological synthetic film mulching (Action 13.1).

The Billion Trees National Campaign (2021), initiated by President Khurelsukh at the 76th UN General Assembly, allocates tree-planting targets across four categories, of which 173 million trees are designated for specialised agroforestry under the Food Supply and Safety campaign. The action plan targets 19,000 hectares of fruit trees and shrubs across 190 soums in 21 aimags. As of January 2026, 127.9 million trees had been planted. Under Mongolia’s voluntary Land Degradation Neutrality commitments to the UNCCD, the country targets increasing forest cover from 7.85 percent (2015 baseline) to 9 percent by 2030. Mongolia will host the UNCCD COP17 in 2026, providing additional international momentum.

[bookmark: _Toc233981246][bookmark: policy-coherence-assessment]Policy coherence assessment
A notable strength of Mongolia’s policy framework is the high degree of vertical coherence: Vision-2050 targets cascade consistently through the New Recovery Policy, Five-Year Development Guidelines, Government Action Plan, and sector-specific campaigns. However, the policy mapping identified three significant weaknesses in horizontal coherence between sectors — a critical limitation for ecosystem-based adaptation, which inherently requires cross-sectoral collaboration:
The renewable energy and crop farming policy domains are not connected. The Government Action Plan addresses renewable energy (Section 3.3.3) and crop farming (Section 3.3.4) as separate domains with no cross-referencing. Solar-powered irrigation — which sits at the intersection of both — is not addressed as an integrated concept in any policy document. The only exception is the Shine Zuunmod greenhouse and renewable energy model farm (item 1.2.2.5).
Agroforestry targets are ambitious in volume but lack operational specificity. Multiple policy documents set quantitative targets — 173 million agroforestry trees (Billion Trees), 10,000 km of forest strips (Atar-4), 19,000 hectares of agroforestry (NAP) — but no policy document specifies species, spacing parameters, windbreak design, or guidelines adapted to specific agro-ecological zones such as Dundgovi or Uvurkhangai.
Climate adaptation financing for the crop sector is fragmented across parallel instruments. The Atar-4 campaign (800 billion MNT planned), Resolution No. 36 (361.8 billion MNT in 2024), and the New Cooperative movement (687 billion MNT in 2024) each establish separate preferential lending mechanisms. Combined volume exceeds 1.5 trillion MNT, but coordination for ecosystem-based adaptation investments across these instruments requires strengthening.

[bookmark: _Toc233981247]Institutional landscape and roles
The cross-cutting nature of ecosystem-based adaptation means that no single institution holds comprehensive jurisdiction over solar-powered irrigation, greenhouse infrastructure, or agroforestry. Table 3 maps the principal institutions and their mandates relevant to this feasibility assessment.

Table 3. Institutional roles and mandates relevant to technology deployment
	Institution
	Mandate
	Relevance to this assignment

	Ministry of Food, Agriculture and Light Industry (MOFALI)
	Lead ministry for crop farming policy, greenhouse development, irrigation infrastructure, agricultural land management. Implements Atar-4 campaign and administers preferential agricultural loans.
	Primary counterpart for technology deployment and standards development.

	Research and Development Center for Food, Agriculture and Light Industry (RDC)
	Coordinates extension services at national, aimag, and soum levels through provincial Departments of Food and Agriculture.
	Delivery channel for disseminating technology guidelines and training to smallholder farmers in pilot provinces.

	Ministry of Environment and Climate Change (MECC)
	Jurisdiction over forest resources, environmental protection, water resource management, and climate change adaptation. Oversees Forest Law, Water Law, Billion Trees Campaign, river basin administrations, and EIA. Leads NDC and NAP implementation.
	Co-responsible ministry for agroforestry, water management, and environmental compliance.

	Ministry of Energy
	Governs the renewable energy sector, including the Renewable Energy Law and the Energy Law. Established the National Energy Reform Committee (2024) to revise energy legislation.
	Mandate covers grid-connected and commercial-scale RE systems. Consumer-own-use systems (including solar irrigation pumps) fall outside jurisdiction due to RE Law Art. 3.2 exclusion.

	Energy Regulatory Commission (ERC)
	Sets tariffs for grid-connected and stand-alone renewable energy. Licenses energy activities.
	Mandate does not extend to consumer-own-use systems.

	Mongolian Agency for Standardisation and Metrology (MASM)
	Develops and administers Mongolian national standards (MNS) through technical committees.
	Three greenhouse standards developed (MNS 6636, 6637, 7060). No standards for solar irrigation or agroforestry. Partner for future standards development under Output 2.

	General Agency for Specialised Inspection (GASI)
	Enforcement and compliance monitoring across regulatory domains including food safety, environmental standards, and construction.
	Potential enforcement role for any new standards or certification systems.

	Provincial and district government
	Aimag Governor’s Office and Department of Agriculture coordinate agricultural development and land allocation. Soum governor manages land allocation and water use permits.
	Primary implementing partners for technology deployment in Dundgovi and Uvurkhangai.

	Mongolian Greenhouse Farmers Association
	Industry association. Developed all three existing greenhouse MNS standards (6636:2016, 6637:2016, 7060:2024).
	Key private sector partner for greenhouse standards development and quality assurance.

	Source: Created by author



Institutional coordination gap. A critical finding of the institutional analysis is that solar-powered irrigation requires coordination between the Ministry of Energy, MECC, and MOFALI — but no mechanism exists for this. Agroforestry falls under the dual jurisdiction of MECC (forestry mandate) and MOFALI (agriculture mandate), with no formal inter-ministerial coordination framework. These gaps do not prevent technology deployment, but they increase the risk of inconsistent implementation and regulatory gaps.

Extension service capacity. The National Agricultural Extension Centre (RDC) coordinates a network of aimag-level extension centres and soum-level extension teams. However, following decentralisation, extension budgets at lower levels have been reduced, resulting in limited full-time services, particularly in remote soums. NAEC relies heavily on international support for its operations. For this assignment, the capacity of extension services in Dundgovi and Uvurkhangai to deliver technical guidance on solar irrigation, greenhouse management, and agroforestry practices will be a critical factor in the sustainability of any technology deployment.

International cooperation and relevant programmes. Several bilateral and international programmes have accumulated technical experience directly relevant to this assignment:
German–Mongolian Cooperation Project “Sustainable Agriculture” (DMKNL), Phase 4 — completed 2024: An agricultural policy dialogue funded by the German Federal Ministry of Food and Agriculture (BMEL) in partnership with MOFALI, focused on good agricultural practices, sustainable and climate-adapted crop and vegetable production, and the development of agricultural advisory (extension) services.
Mongolia–Republic of Korea “Green Belt” Plantation Project (2007–2026), third phase ongoing: Implemented by the Korea Forest Service with Mongolia’s forestry authorities. It has established more than 3,000 hectares of shelterbelts in arid and semi-arid regions and practical experience in species selection (Populus sibirica, Ulmus pumila). Phases 1 (2007–2016) and 2 (2017–2021) are complete; the third and final phase (2022–2026) adds research and training on agroforestry and the establishment of large mechanised nurseries in Uvurkhangai, Khuvsgul and Selenge — including the Arvaikheer forest nursery assessed during the field mission.
Scaling up Climate Ambition on Land Use and Agriculture through NDCs and NAPs (SCALA), 2021–2028 — ongoing: Co-implemented by FAO and UNDP with funding from Germany’s International Climate Initiative (IKI); Mongolia is one of twelve core countries. In Mongolia it has conducted a feasibility assessment of establishing forest strips around arable land as an adaptation strategy (using the SEPAL monitoring tool) and recommends including forest-strip implementation in the next NDC update.
Korea-funded Smart Farm Project (since 2021) — ongoing: Implemented with the Mongolian University of Life Sciences (MULS) and funded by the Government of the Republic of Korea. Eight of ten planned smart winter and summer greenhouses adapted to Mongolia’s climate are in operation, with continuing research on new crop varieties and greenhouse-complex optimisation.
ADB-financed projects — ongoing: The Vegetable Production and Irrigated Agriculture Project (ADB Loan No. 51423-002; approved 2020; USD 40 million from ADB and the Japan Fund for Poverty Reduction; executing agency MOFALI) is rehabilitating irrigation schemes and strengthening vegetable value chains and food-safety systems across 12 soums in 7 aimags. The Agriculture and Rural Development Project, Phase 2 (ADB Loan No. 55218-001; approved 2024; USD 57.1 million) supports agro-enterprise value chains, agro-processing and climate-resilient production. Its predecessor, the first Agriculture and Rural Development Project (ADB No. 39229-022), is completed.
STREAM+ (Sustainable Ecosystem and Agriculture Management in Mongolia, Phase 2), 2024–2028 — ongoing: Co-funded by the European Union and the German Federal Ministry for Economic Cooperation and Development (BMZ) and implemented by GIZ and FAO with the Ministry of Environment and Climate Change (EUR 15.8 million; Khentii, Selenge, Khuvsgul and Zavkhan aimags). It supports sustainable landscape management, biodiversity conservation and climate-change adaptation in agriculture and forestry.
JICA market-oriented agriculture promotion project (SHEP / MON-SHEP) — ongoing: A Japan International Cooperation Agency initiative applying the market-oriented Smallholder Horticulture Empowerment and Promotion (SHEP) approach to strengthen vegetable supply and grower incomes; provincial food and agriculture departments in the target aimags have already delivered farmer training in coordination with it.

[bookmark: _Toc233981248]Regulatory and standards framework
The regulatory environment for the three technology areas is characterised by a framework of primary legislation that provides general coverage but lacks the subordinate regulations and technical standards (MNS) needed for quality-assured implementation. Table 4 summarises the legal framework.

Table 4. Legal and regulatory framework for the focal technology areas
	Law
	Year
	Key provisions relevant to this assignment
	Limitations for technology deployment

	Law on Crop Farming
	2016; amended 2024
	Art. 12: Protective forest strips as agricultural land category. Art. 19.5: State support priorities incl. irrigation (19.5.1), windbreaks (19.5.2), greenhouses (19.5.5). Art. 18: Conservation tillage mandate.
	Silent on solar-powered irrigation, greenhouse design standards, agroforestry species/spacing, and climate adaptation as a distinct objective. Treats greenhouses and windbreaks as objects of financial support rather than regulated activities requiring technical standards.

	Law on Renewable Energy 
	2007; amended 2022
	Art. 5.3.7: Mandate to develop RE equipment standards. Art. 11.4: Prosumer tariff for distributed generation to grid. RE Fund, licensing, feed-in tariffs.
	Art. 3.2 excludes consumer-own-use systems — solar irrigation pumps fall outside all RE regulation. No standard developed for agricultural solar equipment despite Art. 5.3.7 mandate. Tax incentive applicability to off-grid agricultural equipment is ambiguous.

	Law on Water
	2012; amended 2023
	Art. 3.1.14: Defines irrigation systems. IWRM framework, basin administrations, permitting. Art. 30.1.2: Monitoring for users >50 m³/day.
	No extraction rate thresholds (m³/ha/season) for agricultural irrigation. No safeguards for solar-pumping over-extraction risk. No province-level water allocation quotas.

	Law on Forest
	2012; amended 2024
	Art. 4.2: Ownership of planted forests. Provisions for establishing agroforestry.
	Designed for natural forest management, not agricultural-forestry integration. No species selection guidance, spacing parameters, or windbreak design standards. Dual jurisdiction MECC/MOFALI with no coordination mechanism.

	Law on Environmental Protection 
	1995; amended 2024
	General environmental protection framework, monitoring, resource management.
	No provisions specific to irrigation, greenhouses, or agroforestry.

	Law Environmental Impact Assessment
	2012; amended 2024
	Categories requiring EIA: large-scale infrastructure, industrial, mining.
	Smallholder EbA activities (solar pumps, small greenhouses, windbreaks) do not require EIA — consistent with EbA nature. Not a barrier to technology deployment.

	Law on Soil Protection 
	2012; amended 2015
	Art. 6.2: Desertification prevention including forest belts. Art. 7: Strip sowing dimensions (100 × 10 m) for grain fields.
	Only quantitative parameter for windbreak design in any legislation, but limited to grain fields, not vegetable farming.

	Law on Energy Conservation 
	2015
	Energy efficiency standards, mandatory audits for designated consumers.
	Relevant to greenhouse heating efficiency standards development but not yet applied to agricultural structures.

	Source: Created by author




Technical standards
The availability of national technical standards varies significantly across the three technology areas. Table 5 provides a comparative inventory.

Table 5. Technical standards (MNS) inventory by focal technology area
	Technology area
	Standards available
	Gap assessment

	Greenhouse infrastructure
	[bookmark: _Hlk233746520][bookmark: _Hlk233746684][bookmark: _Hlk233746740]MNS 6636:2016 — Summer synthetic film greenhouse (general technical requirements). MNS 6637:2016 — Winter heated synthetic film greenhouse (general technical requirements). MNS 7060:2024 — Winter glass greenhouse (technical requirements). All three developed by the Mongolian Greenhouse Farmers Association.
	Partial coverage. Standards address conventional film and glass types only. No standard for solar-heated, energy-efficient, or climate-adapted designs. No energy performance ratings. No certification system for technology providers.

	Solar-powered irrigation
	None. The energy sector catalogue (MASM, 2025) lists 70+ RE standards (solar thermal collectors, PV system documentation, wind turbines), all for grid-connected electricity or domestic hot water.
	Complete gap. No standard for solar irrigation pump specifications, capacity ratings, installation requirements, or performance criteria for agricultural use, despite the mandate in RE Law Art. 5.3.7.

	Agroforestry
	None. Environmental sector catalogue (MASM TC-07) covers air quality, water quality, waste management. Construction and forestry catalogues reviewed — no standards for windbreak design, species selection, or shelterbelts.
	Complete gap. No standard for agroforestry practices, windbreak/shelterbelt design, species-crop compatibility, or spacing parameters. Striking contrast with greenhouse sector.

	Water/irrigation
	[bookmark: _Hlk233746886]MNS 0900:2018 (drinking water quality). MNS 4943:2015 (wastewater discharge). MNS ISO 5667 series (water quality testing).
	Quality focus only. No standard for extraction rate thresholds, sustainable pumping limits, or irrigation water quality requirements for agricultural use.



[bookmark: _Toc233981249]Key gaps and constraints
The regulatory review set out above converges on a small number of cross-cutting gaps. Table 6 consolidates them by regulatory dimension and technology area, and the remainder of this section examines the most consequential gaps and their practical implications for deployment.
Table 6. Consolidated regulatory gap analysis matrix
	Regulatory dimension
	Solar irrigation
	Water pumping
	Greenhouses
	Agroforestry

	Policy framework
	Partial
	Adequate
	Adequate
	Adequate

	Primary legislation
	Absent
	Partial
	Partial
	Partial

	Subordinate regulations
	Absent
	Absent
	Absent
	Absent

	Technical standards
	Absent
	Absent
	Partial (3 MNS)
	Absent

	Institutional arrangements
	Absent
	Partial
	Partial
	Absent

	Principal gap types
	Regulatory, standards, legislative, institutional
	Regulatory, standards
	Regulatory, partial standards
	Regulatory, standards, institutional

	Legend:
	Adequate = provisions exist and are sufficient for the objectives of this assignment; Partial = provisions exist but lack specificity or operational detail; Absent = no dedicated provisions exist.

	Source: Created by author



The most consistent finding across all four focal topics is the complete absence of subordinate regulations and the absence or insufficiency of technical standards. While the policy framework provides strong support and primary legislation offers general coverage, the implementing instruments — the regulations, guidelines, norms, and standards that translate policy intent into operational practice — are largely missing. 
The following paragraphs describe the specific gaps and their implications for technology feasibility.
[bookmark: solar-powered-irrigation]Solar-powered irrigation
Solar-powered irrigation faces the widest regulatory gap of the four focal topics. The Renewable Energy Law’s Article 3.2 exclusion places consumer-own-use systems — including smallholder solar irrigation pumps — entirely outside the scope of renewable energy regulation. No other law fills this gap. The practical consequence is that a farmer purchasing a solar irrigation pump in Mongolia today operates without the benefit of quality standards, equipment certification, technical guidelines, or clarity on tax treatment.
Implications for feasibility: The absence of quality standards means that the feasibility of solar irrigation depends entirely on informal market mechanisms and the technical judgement of individual project designers. Without a certification system, there is no protection for farmers against substandard equipment. The ambiguity around VAT and import duty exemptions (which apply to renewable energy equipment under the RE Law, but may not extend to off-grid agricultural equipment excluded by Article 3.2) creates cost uncertainty that could inflate equipment prices by 10–15 percent. Any technology recommendation in this report must therefore specify equipment standards and quality assurance measures, as the regulatory framework does not currently provide them.

[bookmark: water-pumping-limits]Water pumping limits
No extraction rate thresholds (m³/ha/season) for agricultural irrigation are defined in any Mongolian law, regulation, or standard. No safeguards address the over-extraction risk inherent in zero-marginal-cost solar pumping — a risk well documented in the international literature, particularly in India and Sub-Saharan Africa, where unrestricted solar pumping has led to significant groundwater depletion (World Bank, 2024). This risk is particularly acute in semi-arid Dundgovi, where annual precipitation averages approximately 150 mm and groundwater recharge rates are low.
Implications for feasibility: The NAP’s allocation of 5,800 million MNT for irrigation norm revision (Action 1.3) signals policy recognition of this gap and represents an opportunity for this technical assistance to contribute. For the feasibility assessment, any recommendation for solar-powered irrigation must be accompanied by water management safeguards — including recommended extraction limits calibrated to local hydrogeological conditions, metering requirements, and automatic shutoff mechanisms at pre-determined groundwater depth thresholds — as the regulatory framework does not currently provide them.

[bookmark: greenhouse-infrastructure]Greenhouse infrastructure
Greenhouse infrastructure has the strongest regulatory foundation among the three technology areas, with three dedicated national standards (MNS 6636:2016, MNS 6637:2016, MNS 7060:2024). However, all three standards address conventional film and glass construction types only. No standard covers solar-heated or energy-efficient designs — the types most relevant for this assignment’s objectives and for the policy target of a 50-hectare solar greenhouse cluster (Resolution No. 36, item 3.e). No energy performance ratings exist for greenhouse structures adapted to Mongolia’s extreme climate (winter temperatures reaching −40°C, high winds, heavy snow loads). No certification system exists for greenhouse technology providers.

Implications for feasibility: The feasibility of advanced greenhouse technologies (solar-heated, hybrid-energy, insulated designs) is constrained by the absence of performance standards. Technology recommendations in this report will therefore need to specify climate suitability criteria, energy efficiency parameters, and structural requirements that would normally be derived from national standards.

[bookmark: agroforestry]Agroforestry
Agroforestry benefits from the strongest policy momentum of all focal topics — with quantitative targets in the Billion Trees Campaign (173 million agroforestry trees), Atar-4 (10,000 km forest strips), the NAP (19,000 hectares), and Resolution No. 36. However, this policy ambition is matched by the near-complete absence of implementing instruments. No subordinate regulation, guideline, or technical standard exists for agroforestry practices, species selection, spacing parameters, or windbreak/shelterbelt design. The dual jurisdiction of MECC (forestry) and MOFALI (agriculture) over agroforestry on agricultural land — without a formal coordination mechanism — adds an institutional dimension to the gap.

Implications for feasibility: Technology recommendations for agroforestry must include species and design specifications adapted to the agro-ecological conditions of each pilot province (semi-arid Gobi steppe in Dundgovi; forest-steppe transition in Uvurkhangai), as these cannot be derived from existing standards. The Korea-Mongolia Green Belt Project’s experience with Populus sibirica and Ulmus pumila, and the FAO/UNDP SCALA programme’s feasibility assessment of forest strips, provide valuable technical precedents, though neither has been codified into national standards.

Summary of implications for this feasibility assessment
The regulatory gaps identified do not constitute absolute barriers to technology deployment — the policy framework is supportive, the primary legislation does not prohibit any of the proposed technologies, and substantial public financing is available through the Atar-4 campaign, Resolution No. 36, and NAP budget allocations. Rather, the gaps affect the conditions of deployment: the quality assurance of imported equipment, the sustainability of water extraction, the safety and performance of greenhouse structures, and the ecological appropriateness of agroforestry species and designs. The technology recommendations in subsequent chapters are therefore formulated to be consistent with the regulatory strengthening measures under preparation through Output 2 of this technical assistance, which will develop the national guidelines and certification standards needed to fill the identified gaps. Table 7 summarises the key implications.

Table 7. Summary of regulatory gap implications for technology recommendations
	Technology area
	Key regulatory gap
	Implication for this feasibility assessment

	Solar irrigation
	RE Law Art. 3.2 exclusion; no MNS standard; no certification
	Technology specifications must include equipment quality criteria, as no national standard exists. Cost estimates should account for potential VAT/duty ambiguity.

	Water management
	No extraction thresholds; no solar-pumping safeguards
	Recommendations must include water management safeguards (metering, extraction limits, shutoff mechanisms) that are not provided by current regulation.

	Greenhouses
	Standards limited to film/glass types; no energy performance ratings
	Advanced greenhouse recommendations must specify climate suitability, energy efficiency, and structural requirements beyond existing MNS scope.

	Agroforestry
	No guidelines, no MNS, no institutional coordination
	Species selection, spacing, and windbreak design must be specified in recommendations, as no national guideline or standard exists. Province-specific guidance is essential.

	Source: Created by author




















[bookmark: _Toc233981250]Target Areas and Agro-Ecological Zonation (Biophysical baseline) 
The objective of this chapter is to consolidate the location-specific evidence on which the technology screening (Chapter 7) and the province-specific package recommendations (Chapter 8) rest. It defines, in operational rather than purely descriptive terms, the local problem that the four focal technologies of this Technical Assistance — solar-powered irrigation, regulated groundwater abstraction, climate-adapted greenhouses, and agroforestry — are expected to solve. Whenever possible, the analysis cites province- and station-level data drawn from the Mongolian National Statistics Office (NSO), the agro-meteorological records of the Information and Research Institute of Meteorology, Hydrology and Environment (IRIMHE) and the National Agency for Meteorology and Environmental Monitoring (NAMEM), the 2025 General Land Management Plan baseline study for Uvurkhangai aimag, the 2021–2022 Environmental Status Report and 2019 Desertification Study of Dundgovi aimag, the 2025 annual reports of the Departments of Food and Agriculture (DFA) of the two target aimags, and complementary technical literature. 
[bookmark: _Toc233981251]Geographic focus and administrative setting
The two target provinces — Uvurkhangai and Dundgovi — sit on adjacent but biophysically distinct zones of central Mongolia. Uvurkhangai straddles the transition from the Khangai forest-steppe in the north to the northern Gobi desert-steppe in the south. Dundgovi lies fully within the Gobi semi-desert belt of central-southern Mongolia. The two provinces share a northern–southern boundary, but their separation in latitude (approximately 250–400 km of north–south extent across both territories combined), elevation, surface-water endowment and precipitation regime translates into systematically different operating envelopes for irrigated vegetable production. Selecting the two provinces in tandem therefore allows the project to test the same generic technology toolkit under two contrasting agro-ecological conditions, and to validate that the recommended packages are genuinely tailored rather than uniform.
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Figure 1. Land cover distribution map of Mongolia (Source: researchgate.net)

[image: Ein Bild, das Text, Karte, Atlas, Screenshot enthält.  KI-generierte Inhalte können fehlerhaft sein.]
Figure 2.Altitude map of Mongolia (Source: researchgate.net)
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Figure 3. Annual precipitation map of Mongolia (Source: researchgate.net)
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Figure 4. Annual mean temperature map of Mongolia (Source: researchgate.net)
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Figure 5. Administrative maps of Uvurkhangai (left) and Dundgovi aimags (Source: wikipedia.org)




Table 8. Geographical and administrative comparison of the target provinces (2024)
	Parameter
	Dundgovi
	Uvurkhangai 

	Total area
	74,690 km² (4.8 % of national territory)
	62,900 km² (4.0 % of national territory)

	Population (2024)
	~51,300
	~114,500

	Population density
	~0.69 persons/km²
	~1.82 persons/km²

	Provincial capital
	Mandalgovi (1,393 m a.s.l.)
	Arvaikheer (1,813 m a.s.l.)

	Number of soums
	15
	19

	Number of meteorological stations (NAMEM)
	15 (incl. Mandalgovi, Sayhan-Ovoo, Erdenedalai, Gurvansaikhan)
	19 (one per soum, plus Arvaikheer)

	Dominant ecological zone
	Dry steppe (north) and Gobi semi-desert (centre and south)
	Khangai forest-steppe (north) → steppe (centre) → Gobi desert-steppe (south)

	Elevation range
	1,000 – 1,926 m (highest point Delgerkhangai uul)
	1,500 – 2,500+ m (Khangai uplands above 3,500 m)

	Major rivers
	Ongi (lower reach, ephemeral); no other permanent watercourse
	Orkhon, Ongi, Taats, Buurd

	Forest cover
	< 0.1 % (saxaul stands)
	~2 % (larch, pine, birch, poplar)

	Total agricultural land
	6,784.4 thousand ha (>99 % pasture)
	5,929.7 thousand ha (>99 % pasture)

	Cultivated land (sown area, 2024)
	0.1 thousand ha (national rank: 21st, tied bottom)
	19.7 thousand ha (national rank: 5th)

	Vegetable growing area, ha (2024–2025)
	23.6–29
	271–281

	Greenhouse harvest, tonnes (2024–2025)
	44.6 (2024) → 163 (2025)
	214.6 (2024)

	Livestock (start-of-year head, 2024)
	~3.8 million (national rank: 9th)
	~5.1 million (national rank: 2nd)

	Herder households (2024)
	7,558
	18,524


Sources: NSO (2025a)[43], NSO (2025b)[44], Gazar Delkhii LLC (2025)[21], Department of Food and Agriculture of Dundgovi aimag (2025)[12], Department of Food and Agriculture of Uvurkhangai aimag (2025)[13], Department of Environment and Tourism of Dundgovi aimag (2023)[11].
 
[bookmark: _Toc233981252]Dundgovi 
Dundgovi (“Middle Gobi”) is one of the country’s southernmost agricultural provinces and the second-least populated aimag in Mongolia. The provincial capital, Mandalgovi, is approximately 260 km south of Ulaanbaatar at 1,393 m above sea level. Dundgovi covers 74,690 km² of gently undulating Gobi semi-desert plateau ranging from 1,100 to 1,926 m a.s.l., the highest point being Delgerkhangai mountain. Two prominent granite massifs — Ikh Gazriin Chuluu and Baga Gazriin Chuluu — punctuate the landscape, but otherwise the territory is dominated by featureless plains, low-relief hills and rocky outcrops. There are no permanent rivers of any significance: the Ongi reaches the western fringe of the province but is heavily abstracted upstream and is increasingly ephemeral.[7] Surface water is restricted to seasonal streams, a small number of saline lakes and pans, and isolated depressions which collect runoff after the rare convective summer events.

The vegetation is the typical Gobi steppe association, dominated by saxaul (Haloxylon ammodendron), Siberian elm (Ulmus pumila), tamarisk, almond (Amygdalus mongolica), wild leek (Allium mongolicum) and a range of medicinal herbs. Forest cover is essentially zero. Agricultural land is overwhelmingly classified as pasture: 7,110,980 ha out of 7,469,032 ha of total provincial land, or 95.3%.[11] Crop production is correspondingly marginal: only about 112 ha were planted in 2025, distributed across all 15 soums and held by 7 cooperatives, 18 enterprises and 114 individual growers.[14] The province nevertheless meets a non-trivial share of household food demand from this small base — 23.2 % of combined potato and vegetable demand in 2025 — and the trend is upward. Greenhouse activity has grown from 152 to 156 units between 2024 and 2025 and from 88.2 t to 163 t of harvest over the same period, with active expansion into the winter-greenhouse niche on a small but increasing scale (2,980 m² of winter greenhouses operated by one enterprise and five individual growers in 2025).[14]
[bookmark: _Toc233981253]Uvurkhangai 
Uvurkhangai (“Southern Khangai”) lies in central Mongolia and is the second-most populous of the two target provinces. The provincial capital, Arvaikheer, is approximately 430 km south-west of Ulaanbaatar at 1,813 m above sea level. The province extends roughly 350 km north–south, traversing three of Mongolia’s four major ecological zones: the high mountain and forest-steppe of the Khangai range in the north, the open steppe in the centre, and the Gobi desert-steppe along the southern fringe. Roughly 2% of the territory is forested (predominantly larch, Siberian pine, birch and poplar). The remainder is divided between mountain steppe in the north, true steppe in the centre, and semi-desert in the south.

Hydrologically, Uvurkhangai is one of Mongolia’s better-endowed provinces. The Orkhon river — Mongolia’s longest river — crosses the northern part of the territory, and the Ongi river, together with the Taats and Buurd and a series of spring-fed streams, provides perennial flow through several of the central soums. Numerous mineral springs occur, the most famous of which is the Khujirt hot spring system. The Khangai foothill aquifer, which supplies most of the province’s settlements, is comparatively shallow and recharges from snowmelt and orographic precipitation along the northern uplands.

Administratively, the province is divided into 19 soums and the aimag centre. Vegetable production is concentrated in approximately seven soums — Arvaikheer, Kharkhorin, Yesönzüil, Bat-Ölzii, Khujirt, Tarag and Bayangol — that combine adequate water access along the Orkhon–Ongi corridor with comparatively favourable soils and growing conditions. Kharkhorin soum alone accounts for roughly 40 % of the province’s annual vegetable harvest (1,127.6 t in 2023, against an aimag total of 2,817 t).[21] The provincial Department of Food and Agriculture operates a demonstration farm at Arvaikheer that produced 81,000 onion seedlings of the Japanese ‘Kitavase’ variety for 40 farmers across 8 soums in 2025, and 24 t of certified ‘Gala’ seed potato for 12 farmers across 5 soums.[13]

[bookmark: _Toc233981254]Climate characteristics
Both provinces share Mongolia's broadly continental climate — long cold winters, short warm summers, low and summer-concentrated precipitation, high solar radiation, and large diurnal temperature ranges. Beneath this common envelope, however, Dundgovi and Uvurkhangai differ systematically across every parameter that matters for technology design.
[bookmark: _Toc233981255]Temperature regime
In Uvurkhangai, mean annual temperature ranges from –1.3 °C in the cold northern Khangai-fringe soums (e.g., Uyanga and Khujirt) to +4.3 °C in the warmer southern Gobi-facing soums (Bogd and Baruunbayan-Ulaan). The provincial mean is approximately +2.1 °C at Arvaikheer station for the 1991–2020 normal period. January means range from –14.3 °C at Arvaikheer to –21.2 °C at Khujirt, and July means from +15.4 °C at Arvaikheer to +22.6 °C at Baruunbayan-Ulaan. Absolute minima recorded over the 1991–2020 reference period reach –45.7 °C (Khujirt) and absolute maxima reach +41.4 °C (Baruunbayan-Ulaan), giving an extreme range of more than 86 °C across the province.[21] For 2024 specifically, Arvaikheer station recorded a mean annual temperature of +3.4 °C (1.3 °C above the 1991–2020 norm), 19 cm of maximum snow cover, and 114 days with measurable precipitation.[27]

In Dundgovi, mean annual temperatures range from +1.1 °C in the colder northern soums (Erdenedalai, Adaatsag) to +4.5 °C in the warmer southern soums (Sayhan-Ovoo, Gurvansaikhan). Over the 2001–2020 period the warmest year on record was 2007 (~+4.9 °C provincial mean) and the coldest was 2012 (~+1.7 °C). The 2019–2021 trio averaged +3.4, +3.3 and +3.9 °C respectively — i.e., 0.4–1.0 °C above the long-term mean — confirming a clear warming trend.[24] The absolute minimum on record is –41.0 °C (Sayhan-Ovoo, 2002) and the absolute maximum is +41.0 °C (Gurvansaikhan, 2017). In 2019 alone, +30 °C summer temperatures were exceeded on 11–45 days across the province (45 days at Gurvansaikhan and Khuld), and –30 °C winter temperatures were recorded on 1–24 days (24 days at Erdenedalai).[24]

For technology design, three temperature parameters matter most: (a) the annual mean and amplitude (which determine passive solar greenhouse performance and define whether supplementary heating is required to extend the operating season into the winter); (b) the diurnal temperature range during the cropping season (which influences crop growth and was explicitly identified by the Uvurkhangai DFA as a primary cause of poor tomato, potato and leafy vegetable performance in 2025);[13] and (c) the absolute extremes (which determine structural design loads and the safe operating envelope of any glazed structure). On all three counts, Dundgovi presents a marginally more demanding envelope than Uvurkhangai: warmer summer maxima inside any closed structure, comparable winter minima, and slightly shorter durations of frost.
Table 9. Selected temperature norms at representative stations, 1991–2020 (°C)
	Station (soum)
	Province
	Annual mean
	January mean
	July mean
	Absolute max
	Absolute min

	Arvaikheer
	Uvurkhangai
	+2.1
	–14.3
	+17.5
	+35.5
	–36.6

	Kharkhorin
	Uvurkhangai
	+1.8
	–16.9
	+18.1
	+37.5
	–38.2

	Khujirt
	Uvurkhangai
	–0.6
	–21.2
	+16.6
	+35.9
	–45.7

	Bogd
	Uvurkhangai
	+4.3
	–15.7
	+21.6
	+38.7
	–40.1

	Baruunbayan-Ulaan
	Uvurkhangai
	+3.9
	–17.7
	+22.6
	+41.4
	–41.6

	Mandalgobi
	Dundgovi
	+3.5 (period mean)
	≈ –17
	+20–21
	> +35
	–35.9 (2020)

	Erdenedalai
	Dundgovi
	+1.1 (period mean)
	≈ –17
	≈ +20
	+36.7
	–38.7

	Sayhan-Ovoo
	Dundgovi
	+4.5 (period mean)
	≈ –15
	≈ +21
	+36.7
	–41.0 (2002)

	Gurvansaikhan
	Dundgovi
	+4.5 (period mean)
	≈ –15
	≈ +22
	+41.0 (2017)
	–35.0 (period)

	Sources: Gazar Delkhii LLC (2025)[21]; Department of Environment and Tourism of Dundgovi aimag (2023)[11]; Governor’s Office of Dundgovi aimag (2022a)[24]; Governor’s Office of Dundgovi aimag (2022b)[26], IRIMHE (2024)[27]



[bookmark: _Toc233981256]Precipitation
Precipitation differs sharply between the two provinces and this difference — more than any other single factor — drives divergent irrigation system design.
Uvurkhangai’s annual precipitation ranges from 80.3 mm in the southern Baruunbayan-Ulaan soum to 306.8 mm in the northern Kharkhorin (1991–2020 norms).[21] The provincial mean is approximately 200–250 mm/year, distributed across a sharp north–south gradient. Roughly 70–80 % of the annual total falls between May and September, concentrated in July and August: at Arvaikheer the July mean is 84.5 mm and the August mean 60.7 mm — together accounting for over 60 % of the annual total of 234.1 mm. At Khujirt and Khharkhorin, the wettest stations of the province, totals exceed 270 mm and 300 mm respectively. Daily precipitation maxima recorded over the reference period reach 117.0 mm (Bayangol) and 100.4 mm (Arvaikheer in July), confirming that rainfall in the province is dominated by intense convective events rather than steady frontal precipitation. In 2024, Arvaikheer recorded 375.6 mm of total annual precipitation (60.5 mm above the 1991–2020 norm) — an unusually wet year reflecting the broader regional intensification of summer convection.[27]
Dundgovi receives substantially less. The provincial mean is approximately 120 mm/year, ranging from 96.1 mm in the southern soums to 209 mm in the northern fringe of the province — a span that is itself less than one-third of Uvurkhangai’s range.[26] Long-term station records show wide interannual variability: Mandalgobi 84.6–188.0 mm, Sayhan-Ovoo 25.7–222.2 mm, Erdenedalai 68.5–241.1 mm, and Gurvansaikhan 46.5–195.1 mm over 2001–2020.[11] As in Uvurkhangai, summer rainfall accounts for the overwhelming majority of the annual total — 85–95 % falls in the warm season (April to October), and most of that in two to three convective events in July and August. Winter precipitation is effectively zero (less than 10 mm December–February), and snow cover is thin and intermittent (typically 5–10 cm on average where it persists). In 2021, the wettest year of the most recent triennium, the highest provincial total was 244.8 mm at Tsagaandelger; in 2019 the lowest was 44.1 mm at Bayanjargalan.[24] These figures place the entire province below the 200 mm/year threshold that is conventionally used to distinguish semi-arid from truly arid regimes, and explain unambiguously why open-field vegetable production without irrigation is not a realistic intervention target in Dundgovi.
A consistent climatic trend across both provinces is the gradual increase in annual total precipitation with simultaneous decrease in the number of days with continuous moderate rain and increase in the number of high-intensity convective events.[24] This combination — wetter summers but with rainfall delivered in fewer, more intense bursts — is operationally adverse for smallholder vegetable production: most of the additional water is lost to runoff and surface erosion rather than infiltrating into the root zone, and the higher volume of intense events raises the risk of hail damage and gully erosion on cultivated plots. It also implies that climate change is unlikely to relieve the irrigation imperative; if anything, it is intensifying it.
Table 10. Annual precipitation norms at representative stations, 1991–2020 (mm)
	Station (soum)
	Province
	Annual total
	Apr–Oct (warm-season)
	Jul–Aug peak
	Daily maximum on record

	Arvaikheer
	Uvurkhangai
	234.1
	224.2 (96 %)
	145.2
	100.4

	Kharkhorin
	Uvurkhangai
	306.8
	277.8 (91 %)
	141.8
	70.0

	Khujirt
	Uvurkhangai
	271.7
	257.2 (95 %)
	147.1
	53.1

	Bogd
	Uvurkhangai
	145.3
	127.0 (87 %)
	61.4
	52.2

	Baruunbayan-Ulaan
	Uvurkhangai
	80.3
	71.8 (89 %)
	39.2
	41.0

	Mandalgovi
	Dundgovi
	≈ 120
	≈ 105 (88 %)
	≈ 65
	≈ 50 (period)

	Erdenedalai
	Dundgovi
	≈ 130
	≈ 115 (88 %)
	≈ 75
	n.a.

	Sayhan-Ovoo
	Dundgovi
	≈ 100
	≈ 88 (88 %)
	≈ 55
	n.a.

	Gurvansaikhan
	Dundgovi
	≈ 95
	≈ 84 (88 %)
	≈ 50
	n.a.

	Sources: Gazar Delkhii LLC (2025)[21]; Governor’s Office of Dundgovi aimag (2022a)[24]; Governor’s Office of Dundgovi aimag (2022b)[26], IRIMHE (2024)[27]



[bookmark: _Toc233981257]Solar radiation and sunshine hours
Both target provinces benefit from Mongolia’s exceptional solar resource. The country receives 230–260 clear-sky days per year and 2,600–3,300 hours of sunshine.[33] Within this national envelope, Dundgovi sits towards the upper end (estimated 2,800–3,000 hours per year, comparable to Umnugovi and Govi-Sumber), while Uvurkhangai sits in the middle of the range (estimated 2,600–2,800 hours per year), with the northern Khangai-fringe soums slightly lower because of more frequent cumulus cloud cover in summer. Mean global horizontal irradiation on an annual basis is approximately 1,650–1,750 kWh/m²/year in Uvurkhangai and 1,750–1,900 kWh/m²/year in Dundgovi.
[bookmark: solar-radiation-and-sunshine-hours]For solar pump and passive solar greenhouse sizing, the operationally relevant figure is not total sunshine hours but effective peak-sun hours — typically 5.0–6.5 hours per day in summer (May–August) and 3.0–4.5 hours per day in winter (November–February). In practice, this translates to 7–8 effective solar-pumping hours per day during the irrigation season once panel orientation, ambient temperature derating and dust accumulation are accounted for. These resource conditions are excellent in absolute terms and place both provinces among the world’s better solar-resource regions for off-grid agricultural application, but they coexist with two technical complications addressed in Chapter 7: rapid temperature derating of photovoltaic panels at +35 °C ambient and above, and significant performance penalties from dust accumulation during the windy spring months.

[image: ]
Figure 6.. Solar Resource Map of Mongolia. Direct Normal Irradiation. Source: https://globalsolaratlas.info
[bookmark: _Toc233981258]Humidity and evapotranspiration
[bookmark: climate-characteristics][bookmark: humidity-and-evapotranspiration]Annual mean relative humidity is consistently low across both provinces — approximately 50–55 % in central Uvurkhangai and approximately 45–50 % in Dundgovi, with extreme summer afternoon values frequently dropping below 20 %.[21, 26] Combined with high solar radiation and persistent winds, these humidity conditions sustain very high atmospheric evaporative demand. Estimated reference evapotranspiration (ET₀) is in the order of 800–1,000 mm/year in Uvurkhangai and 1,100–1,300 mm/year in Dundgovi, against annual precipitation of 200–250 mm and 100–150 mm respectively. The implied moisture deficit (P–ET₀) is approximately 600–800 mm/year in Uvurkhangai and 950–1,200 mm/year in Dundgovi, and the resulting aridity index (P/ET₀) is approximately 0.20–0.30 in Uvurkhangai and 0.10–0.13 in Dundgovi. These figures classify Uvurkhangai broadly as semi-arid (UNEP aridity index 0.20–0.50) and Dundgovi unambiguously as arid (0.05–0.20). The technological consequence is direct: in Dundgovi, every kilogram of vegetable produced from open-field conditions requires water inputs that significantly exceed the natural rainfall supply, and any irrigation method that wets the soil surface or the foliage incurs substantial evaporative losses. This drives the assessment toward closed protected-cultivation systems and high-efficiency drip irrigation as default rather than optional choices.

[bookmark: _Toc233981259]Wind, sand and dust storms
Wind is one of the defining biophysical constraints in both provinces, but with different severity. Sand and dust storm events occur on more than 30 days per year in southern provinces, 15–30 days in central provinces, and less than 10 days in the north. Both target aimags sit in the higher-risk zones but with measurable differences in absolute severity.

The 2024 weather records at Arvaikheer station (Uvurkhangai aimag centre) show three days with winds of 15 m/s or above and 12 days with sand or dust storm conditions over the year.[27] Across the longer reference period (1991–2020), strong-wind frequencies are higher in the southern Gobi soums than in the northern Khangai soums. The 2025 cropping season was marked by a major hail event in Kharkhorin soum that damaged 1,038 ha of wheat, fodder and oilseed crops — a localised but operationally significant illustration of how short-duration extreme weather events can wipe out a season’s investment on prepared cropland.[13]

In Dundgovi, the situation is materially more demanding. Over the 2003–2021 period, the IRIMHE record contains 6,552 distinct hazardous-weather events at provincial scale, of which 43.8 % were strong winds, 25.5 % snow or combined snow-and-wind storms, 14.9 % sand or dust storms, and the remainder hail, freezing rain or other events. Of the 44 most severe (catastrophic-class) events on record, 23 (52.3 %) were sand or dust storms, 11 (25.0 %) were strong winds, and 10 (22.7 %) were snow or combined storms.[3, 26] The number of days per year with winds ≥ 15 m/s rose from 65 in 2001 to 198 in 2020 across the province — i.e., a roughly threefold increase over twenty years — while the average number of days with sand or dust storm conditions has remained in the range of 100–315 per year.[3] The catastrophic event of 14 March 2021, the largest in the province’s recorded history, illustrates the order of magnitude involved: westerly to north-westerly winds reached 28 m/s at Adaatsag, Luus and Bayanjargalan soums, gusts elsewhere in the province reached 16–24 m/s, and the dust storm reduced visibility to less than 20 m at Gurvansaikhan. The strong wind episode lasted approximately 11 hours, and seven high-tension transmission-line towers between supports nos. 342 and 348 collapsed under the wind load, in addition to extensive losses of livestock and pasture top soil.[3]
Such episodes destroy lightweight plastic tunnels and unreinforced low-cost greenhouses, which is why the technology assessment in Chapter 7 requires wind-resistant designs for Dundgovi: the earth-sheltered passive-solar greenhouse, whose massive walls and low profile resist wind loads, sited behind protective shelterbelts, with a 120 km/h wind-rated polycarbonate structure on a reinforced galvanized-steel frame retained as a higher-specification, co-financed option — rather than the lighter polytunnels that are adequate only in more sheltered parts of northern and central Uvurkhangai.

Prevailing winds in both provinces are from the north and north-west in winter and from the south-west in summer. Spring (March–May) is consistently the windiest season, coinciding with the most agriculturally sensitive period with early crop establishment in greenhouses and outdoor field preparation.
[bookmark: _Toc233981260]Implication for shelterbelt design
The wind and dust regime described above creates a strong case for siting agroforestry shelterbelts as the first protective layer for any greenhouse cluster or open-field vegetable plot in either province. Empirical work in comparable dryland systems shows that well-designed multi-row shelterbelts can reduce wind speed by 40–60 % over a horizontal distance of 10–15 times the shelterbelt height (i.e., a 5 m belt protects effectively for 50–75 m downwind), suppress local sand and dust mobilisation, raise downwind soil moisture by 5–15 %, and reduce mechanical damage to vegetable crops by an order of magnitude. The Government’s “Billion Trees” programme provides the institutional and partial financial scaffolding for such investments at provincial scale, and both target aimags already host non-trivial shelterbelt programmes of their own (see Section 4.7).

[bookmark: _Toc233981261]Frost-free period and operating season
The nationwide frost-free period in Mongolia is in the order of 90–110 days, with considerable regional variation. For Uvurkhangai, the effective frost-free period at Arvaikheer is approximately 100–115 days (mid-May to mid-September), shortening to 90–100 days in northern soums. For Dundgovi, it is somewhat longer — approximately 115–130 days (early May to mid-September) — because of the warmer summer thermal regime, but this gain is offset by moisture limitation. Late spring frosts (recurrent until early June at higher elevations) and early autumn frosts (occurring as early as the first week of September in some years) regularly truncate the cycle further.

For protected cultivation, what matters is not the open-field frost-free period but the extended passive-greenhouse operating season. Based on earth-sheltered passive solar design performance (+12 °C interior at −15 °C external, verified), the operating season is approximately 9 months (February–November) in Uvurkhangai  and 8 months (late February–October) in Dundgovi, with the difference driven by the higher frequency of severe sandstorm events in Dundgovi during February and November that would make opening ventilation hatches unsafe.

[bookmark: _Toc233981262]Water resources
Water availability not temperature is the ultimate limiting resource for smallholder vegetable production in both provinces, and the two provinces differ fundamentally in how that water can be accessed.
[bookmark: _Toc233981263]Surface water
Uvurkhangai benefits from a meaningful surface water network. The Orkhon river — Mongolia's longest — crosses the northern part of the province, and the Ongi river, together with a series of smaller tributaries and spring-fed streams, provides perennial flow through several of the central soums. While direct river diversion to smallholder vegetable plots is limited by topography and institutional arrangements, the presence of surface water supports a relatively shallow regional water table and enables gravity-fed drip irrigation systems in a subset of soums.[21]

Dundgovi has essentially no exploitable perennial surface water. Watercourses are ephemeral, flowing only in response to summer rainfall events; small depressions and saline pans occur but are not fresh and not suitable for vegetable irrigation. As a result, any irrigated production in Dundgovi is necessarily groundwater-based.[31]
[bookmark: _Toc233981264]Groundwater
In Uvurkhangai, groundwater is accessible at shallow depths throughout the central and northern parts of the province — typically 5 to 25 m below surface — reflecting the regional hydrogeology of the Khangai foothills and the alluvial aquifers associated with the Orkhon and Ongi systems.[21] This depth range is directly pumpable with Direct DC Surface Pumps (without battery storage) over effective solar hours, which is why the primary recommendation for Uvurkhangai is "direct solar, no battery”. In several soums, the existence of natural elevation differentials between the well or borehole and the cultivated plot (typically 5–10 m) further allows for gravity-fed drip irrigation to be combined with pumping, eliminating energy costs entirely once the header tank is filled.

In Dundgovi, static groundwater levels are substantially deeper — typically 50 to 150 m — reflecting the regional aquifer geometry of the Southern Gobi basin. These depths require submersible DC pumps with higher head capacity and, critically, LiFePO₄ battery storage of at least 10–15 kWh to buffer supply across cloudy periods and to extend pumping into early-morning and late-afternoon hours outside peak insolation. 
Groundwater quality is acceptable for vegetable irrigation in most locations of both provinces, but localised salinity and fluoride anomalies are documented in Dundgovi and should be checked on a site-by-site basis before final technology procurement. Over-abstraction risk —maladaptation risk — is non-trivial in Dundgovi because recharge rates in the deep aquifers are very low (groundwater mean residence time measured in decades to centuries in regional hydrogeological studies), meaning that unregulated solar pumping could draw down the aquifer faster than it is replenished.

Table 11. Groundwater conditions summary
	Parameter
	Uvurkhangai 
	Dundgovi

	Static groundwater depth (typical)
	5 – 25 m
	50 – 150 m

	Aquifer type
	Alluvial / fissure-flow in Khangai foothills
	Deep confined Gobi basin aquifer

	Recharge regime
	Moderate; from Orkhon/Ongi snowmelt and orographic precipitation
	Very low; long mean residence time (decades–centuries)

	Typical well/borehole type
	Shallow hand-dug or cased well
	Deep drilled borehole

	Suitable pump configuration
	Direct DC surface pump; no battery
	Submersible DC pump + LiFePO₄ storage

	Recharge regime
	Alluvial; moderate recharge from Orkhon/Ongi basins
	Deep confined; low recharge, long residence time

	Salinity / TDS risk
	Generally low
	Locally elevated; site-by-site testing required

	Fluoride risk
	Localised in southern soums
	Documented in several soums

	Over-abstraction risk
	Low at smallholder scale, moderate at cumulative cluster scale
	Material at cumulative cluster scale; monitoring and rate limits required


Sources: Gazar Delkhii LLC (2025)[21], Ministry of Construction and Urban Development & Asian Development Bank (2022)[31], Badarch et al. (2021)[7]; Governor’s Office of Dundgovi aimag (2022b)[26], IRIMHE (2024)[27]

[bookmark: _Toc233981265]Soil and land resources
[bookmark: _Toc233981266]Soil classes
Soil conditions in both provinces reflect their respective bioclimatic zones.

Uvurkhangai is dominated by Kastanozems (chestnut soils) in its central steppe belt, grading to Calcic Kastanozems and brown semi-desert soils in the southern soums, and to mountain meadow-steppe soils (Phaeozems, Cambisols) in the northern Khangai fringe. The largest soil class by area is the plains and depression soils group (28,099 km², or 44.7 % of the province), followed by mountain soils (22,825 km², 36.4%), low-mountain soils (7,536 km², 12%), wet-genesis soils (1,361 km², 2.2%) and alluvial floodplain soils (1,297 km², 2%). Saline soils account for approximately 1,036 km² (1.6%). Topsoil organic carbon is in the 1.5–3.0% range in the central steppe and falls below 1.0% in the southern areas. Textures are predominantly sandy loams to loams (mechanical fraction <0.01 mm of 20–30% in light loamy parent material), with adequate drainage but limited water-holding capacity. Soil pH is typically neutral to slightly alkaline (pH 6.0–8.2). Humus depth in the chestnut-soil belt typically exceeds 20 cm with humus content of 1.5–2.0%; in the Gobi-fringe areas (Bogd and Baruunbayan-Ulaan soums), humus depth falls below 10 cm and content drops to 0.5–1.0%, with progressively higher carbonate accumulation at depth.[21]

Dundgovi is dominated by semi-desert brown soils and Calcisols, often with gravel armour at the surface and shallow solum depth. The 2019 Desertification Study published by the Aimag Governor’s Office, based on 67 soil profiles and 402 laboratory samples across all 15 soums, classified 70 % of profiles as steppe brown soils, with the remainder distributed across Gobi grey-brown, light-textured loamy sands and gypsum-bearing variants. Topsoil organic carbon (humus) is consistently in the range 0.1–1.9 % and frequently below 0.5 %, with humus increasing slightly with depth. Mechanical analysis confirms predominantly light texture: light loamy, sandy loam, sandy and sandy-clayey textures dominate, with light fractions accounting for the largest share of profiles. Soil pH is alkaline (typically pH 7.8–8.8). A characteristic feature of the steppe brown soil at the surface is a gravel-and-sand armour layer 2–5 cm thick formed by aeolian erosion of the lighter fines.[25]
Aggregate structure and water infiltration in Dundgovi soils are surprisingly favourable: 84.6 % of samples were rated “very good” and 15.4 % “good” on the dry-sieve aggregate-structure assessment, suggesting that the soils are mechanically resilient and well-aerated. However, water-infiltration capacity falls in the “moderately slow” range (5–20 mm/h) at 71.6 % of monitoring points and “moderate” (20–65 mm/h) at the remaining 28.4 %, which means that high-intensity convective rainfall events (the dominant precipitation mode) are largely lost to runoff rather than infiltration. Soil density is in the “organic-rich and well-structured” class (<1.0 g/cm³) at 70 % of points, “suitable for cultivation” (1.0–1.2 g/cm³) at 27 %, and “compacted, sandy steppe” (1.2–1.3 g/cm³) at 3 %.[25]

These soil characteristics have direct consequences for technology selection. In Dundgovi, the combination of low organic matter, poor water-holding capacity and excessive drainage means that open-field drip irrigation alone is unlikely to produce reliable vegetable yields; greenhouse soils will usually require amendment with imported manure and compost, and raised beds with mulch covering are strongly advised. In Uvurkhangai, the native soils in the northern and central soums are broadly suitable for vegetable production with routine fertilisation; amendment needs are lower, but compaction from mechanised tillage on the shallow-humus southern soums needs to be monitored.
[bookmark: _Toc233981267]Land cover and agricultural land use
Pastureland is overwhelmingly the dominant land cover class in both provinces. In Dundgovi, pastureland covers 7,110,980 ha or 95.3% of the total area; in Uvurkhangai, the share is similar at approximately 94%. Cultivated arable land is limited: in Uvurkhangai, approximately 25,000 ha is suitable for crop production, of which 18,651 ha was sown in 2024 (i.e., 75 % of the suitable area is actually under cultivation, a high utilisation rate by national standards) and 5,500 ha is under fallow rotation. In Dundgovi, the corresponding figure is approximately 100–150 ha sown, against an unmeasured but vastly larger area of theoretically arable but not currently cropped land — the binding constraints being water and seed availability rather than soil suitability per se.[14, 43]

This baseline situation matters for the technical assistance: the intervention does not aim to expand cultivated area but it is designed to intensify and stabilise smallholder vegetable output on modest footprints (typically 200 m² reference greenhouse units and associated irrigated plots), thus reframing the land-use pressure away from degradation and toward consolidation of high-value, low-area production.

[bookmark: _Toc233981268]Vegetation, forest cover and existing agroforestry activity
[bookmark: _Toc233981269]Vegetation cover
Uvurkhangai’s vegetation is structured along the same north–south climatic gradient as its temperature and precipitation. The northern Khangai uplands carry mountain forest-steppe communities dominated by Larix sibirica with associated Pinus sibirica, Betula platyphylla and Populus tremula in moist depressions, and a rich understorey of grasses, sedges and forbs. The central steppe belt carries the classic grass-steppe associations dominated by Stipa krylovii (feather grass), Leymus chinensis (Chinese wildrye), Festuca lenensis, Cleistogenes squarrosa and a rich forb component. The southern soums carry desert-steppe associations with Stipa gobica, Allium polyrrhizum, Artemisia frigida and Anabasis brevifolia. Forest cover province-wide is approximately 2 %, distributed over an estimated 1.2 million ha of larch and pine in Khujirt, Bat-Ulzii, Uyanga and Bayangol soums.[21]

Dundgovi carries the typical Gobi semi-desert vegetation. The dominant species include Stipa gobica, Allium polyrrhizum, Artemisia adamsii, Cleistogenes squarrosa, Sarcozygium xanthoxylon and Aristida heymannii in the northern part of the province; and Stipa gobica, Allium polyrrhizum, Artemisia adamsii and Stipella munroi further south. Saxaul (Haloxylon ammodendron) groves occur in scattered locations, mainly in the south-eastern soums.[25]

A critical operational finding from the 2019 Desertification study in Dundgovi is that the five-year (2015–2019) trend showed an overall decline in pasture biomass productivity across all 15 Dundgovi soums, even as annual precipitation totals have increased. The mechanism is the shift in precipitation mode: more total rain delivered in fewer, more intense convective events runs off surface-armoured soils rather than infiltrating into the root zone, while increased wind speeds (15 m/s+ days have approximately doubled over the same period) accelerate evapotranspiration and topsoil mobilisation. This degradation trajectory is the direct backdrop to the project’s interest in shelterbelts and oasis-style agroforestry as ecosystem-based adaptation measures: trees in this context are not primarily a productive asset but a microclimate-engineering and soil-stabilisation infrastructure.
[bookmark: _Toc233981270]Existing agroforestry and shelterbelt activity
Agroforestry in both target provinces takes the form principally of shelterbelt and windbreak planting around fields, settlements and roads, promoted through two overlapping national programmes: the Government of Mongolia’s “Billion Trees” movement, launched in 2021 with the target of planting one billion trees nationwide by 2030, and the longer-running Mongolia–Republic of Korea Green Belt Project (initiated in 2007 and now in its Phase III, 2022–2026), which aims to combat desertification, reduce sand-and-dust-storm impacts and restore degraded ecosystems. At provincial level these are implemented through joint plans of the Department of Environment and Tourism, the Department of Food and Agriculture, Inter-Soum Forestry Units and the Local Development Fund.[23, 45, 46]

The field missions confirmed that both provinces already possess a functioning seedling-supply backbone on which the project’s agroforestry component can build. In Uvurkhangai, the Arvaikheer Forest Nursery — a flagship Green Belt site of about 15 ha — produces more than 500,000 seedlings a year and serves as a regional hub for seedling supply, training and demonstration; its strategic windbreak and restoration species include Siberian elm (Ulmus pumila), poplar (Populus spp.), sea buckthorn (Hippophae rhamnoides), yellow caragana (Caragana arborescens), Scots pine and Siberian larch, and six deciduous species were planted in shelterbelts and demonstration plots around the nursery in 2024.[46] In Dundgovi, provincial nurseries produce on the order of 800,000 seedlings a year under the same programmes, and a Green Belt forestry demonstration site of about 5.2 ha — with six polyethylene propagation greenhouses and some twelve tree and shrub species raised largely from drip-irrigated cuttings — supplies planting material for shelterbelts and land restoration across the province.[45]

Provincial planting records confirm steady, if still modest, expansion. In Uvurkhangai, the 2025 DFA report records continued establishment of new fruit and berry plantations, with provincial fruit and berry output reaching 44.3 t in 2024, up about 5 t on the previous year.[13] In Dundgovi, 25 ha of roadside plantation (15,000 trees) were established in Saintsagaan soum in 2021 and 8 ha (3,360 trees) in Erdenedalai soum in 2022 under the State Budget,[11] and the DFA’s own Green Dundgovi initiative organised reforestation training for 120 participants from all 15 soums in 2025 and carried out demonstration plantings, including a small tree nursery and elm planting, at the agency premises.[14]

At farm level, most assessed vegetable producers in Uvurkhangai were actively establishing windbreaks: the Arvaikheer municipal complex planted 400 elm, 700 poplar and 100 yellow acacia in 2026; one commercial farm planted 60 poplar in 2025; another established a mixed willow–poplar–larch–pine–tamarisk belt; and several were irrigating the young tree rows by drip.[46] In Dundgovi, a newly established 2-ha orchard (about 2,000 fruit trees at 4×4 m spacing, under drip irrigation) was protected by a perforated shelter-fence system reinforced with an outer poplar row, and other farms had begun establishing shelterbelts around their plots.[45] Notably, however, several greenhouse and orchard sites in both provinces still lacked any windbreak at the time of the visit and were visibly exposed to wind and dust, while plots protected by solid perimeter fences tended to treat live windbreaks as a lower priority.[45, 46]

Two cautionary cases observed during the missions are decisive for design. A sea-buckthorn plantation of more than 10 ha had been largely abandoned, having been established at a scale beyond its owner’s water and management capacity; and the outer poplar row protecting the Dundgovi orchard had mostly died, even as an older poplar windbreak elsewhere remained effective.[45, 46] The consistent lesson — that post-establishment maintenance and irrigation of young trees, not the planting itself, is the binding constraint (reported at roughly USD 1,200 per hectare per year against an at-least-90% survival target) — carries directly into the technology and cost-benefit design: shelterbelt interventions must budget for several years of supplementary irrigation and maintenance, prioritise proven drought-tolerant species, and avoid plantations sized beyond available water and management capacity.[46]

Taken together, this activity provides a credible institutional and partial financial scaffolding for the project’s agroforestry component, along with practical local experience in establishing trees under arid conditions and an existing nursery backbone to draw on. It nonetheless remains small relative to need — Dundgovi alone has more than 7,000 km² of pasture in active degradation — and microclimatic benefits at landscape scale would require a substantial expansion of protective planting. The project’s contribution under Output 2 — national guidelines and certification standards for agroforestry, including for the Billion Trees programme — is therefore well-targeted, and is directly informed by the operational lessons on species choice, maintenance financing and appropriate scale documented above.
[bookmark: _Toc233981271]Climate hazards
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Figure 7. Monthly climate hazard exposure profile of the target provinces (relative severity by month of year, derived from provincial and station records)
Source: Gazar Delkhii LLC (2025)[21], IRIMHE (2024)[27], Azjargal et al. (2022)[3], Governor’s Office of Dundgovi aimag (2020)[25], Governor’s Office of Dundgovi aimag (2022b)[26].

[bookmark: _Toc233981272]Dzud 
Dzud is the compound Mongolian hazard of summer drought followed by harsh winter conditions that kill livestock en masse. While its direct impact falls on the pastoral economy rather than on vegetable production, dzud years compress rural household incomes, deplete cash reserves available for agricultural inputs, and depress demand for vegetables — all of which shape the economic environment in which smallholder greenhouse investments must be amortised. Six major dzud events have occurred in the last two decades and have killed a cumulative 45 million heads of livestock; the 2023–2024 dzud caused losses of approximately 9.4 million animals nationally.[33]

In Dundgovi, the 2023–2024 dzud caused proportionally larger losses than the national average given the province’s heavy livestock dependence (47% of provincial GDP and 48% of employment) and limited fodder reserves.[31] Several soums in Dundgovi reported in 2025 that disposable household income for non-essential goods (including high-value vegetables such as tomato, cucumber and bell pepper) had fallen by 20–30% compared with pre-dzud levels, and the Dundgovi DFA explicitly identified weakening household demand as a constraint on the absorption of greenhouse output during the recovery period.[14]
[bookmark: _Toc233981273]Drought
Drought events are more frequent and more intense in Dundgovi than in Uvurkhangai. Central and southern Mongolia experienced moderate to extreme droughts through most of the June–September 2020 period — the main annual precipitation window — and the 1999–2002 drought dried up a significant fraction of the country’s small rivers and lakes, including parts of the Ongi system.[31] At soum level in Uvurkhangai, the 2025 cropping season provided a illustrative example of the impacts of drought: extended summer drought in Tugrug soum left the small water-storage dam empty and forced farmers to abandon irrigation from August onwards, with measurable yield losses across the affected area; Kharkhorin, Arvaikheer and Tarag soums also reported significant declines linked to the breakdown of older surface irrigation systems combined with below-normal rainfall.[13]

For the technology assessment, drought risk motivates the focus on groundwater-based rather than rain-fed systems in Dundgovi, and underlines the need for water-efficient (drip) delivery in both provinces. It also motivates the selection of drought-tolerant species for the agroforestry component (see section 7.3) and the sizing of any header tank or buffer storage to cover at least one full week of zero-precipitation operation under peak-season demand.
[bookmark: _Toc233981274]Sand and dust storms
[bookmark: sand-and-dust-storms]Sand and dust storm (SDS) frequency and intensity have both risen in both provinces. The empirical data summarised in Section 4.3 above — 6,552 hazardous-weather events in Dundgovi over the period 2003–2021, of which 14.9% were sand/dust storms by frequency and 52.3% by catastrophic-class severity — provide the documentary basis. Operationally, SDS events impose four distinct design constraints on the technology portfolio: (i) higher wind-load ratings for greenhouse frames and glazing, especially in Dundgovi, where the primary earth-sheltered passive-solar design relies on massive walls, a low profile and shelterbelt protection, and where a 120 km/h wind-rated polycarbonate greenhouse with reinforced galvanized-steel frame is retained as a higher-specification, co-financed option, (ii) positive-pressure ventilation and air-wash systems at greenhouse entrances to exclude fine dust from enclosed growing volumes, which would otherwise foul ventilation systems, abrade glazing surfaces and reduce photosynthetic efficiency; (iii) protective casings for solar-pump controllers and PV junction boxes, plus periodic dust-cleaning maintenance for PV panels; and (iv) agroforestry shelterbelts as an explicit dust-mitigation technology.
[bookmark: _Toc233981275]Extreme heat and heat waves
Although Mongolia is, climatologically, a cold country, summer heat extremes are now a material risk for enclosed production systems. Peak summer temperatures above +35 °C have become more frequent in both provinces, and without adequate ventilation a closed greenhouse can heat internally rapidly to temperatures above the crop tolerance threshold for key vegetable species (30–32°C for tomato, 28–30°C for cucumber, 28–30°C for bell pepper). Passive cooling design — adequate ridge and side ventilation, shade cloth at 30–50% shading factor, and in some cases evaporative cooling — is therefore as important as winter heat retention in the greenhouse specification. With a simple natural ventilation process, average daily temperatures between 12 and 24°C can be maintained.
[bookmark: _Toc233981276]Hail
Hail is rare but locally devastating, as confirmed by the 1,038 ha hail damage in Kharkhorin soum (Uvurkhangai) in 2025, which destroyed wheat, fodder and oilseed crops on prepared land within a single hour-long event.[13] For greenhouse design, polycarbonate twin-wall glazing of 8–10 mm thickness withstands hail of typical Mongolian sizes (up to 25 mm diameter) without permanent damage; thinner film coverings (single-skin or double-skin polyethylene) typically suffer punctures or tears that necessitate immediate repair to prevent thermal performance loss. This is one of several reasons justifying the recommendation of polycarbonate over polytunnel as the default selection for Dundgovi in Chapter 7.
[bookmark: _Toc233981277]Frost and freezing rain
Late spring and early autumn frosts truncate the open-field cropping cycle in both provinces, as discussed in Section 4.4. Freezing rain is a comparatively infrequent but operationally significant hazard, particularly in the spring transition period. In Dundgovi, freezing rain accounts for approximately 8% of catalogued hazardous-weather events (522 events during the period 2003–2021), which can damage greenhouse glazing through ice loading and damage outdoor irrigation systems through freeze-thaw cycling.[11]

[bookmark: _Toc233981278]Desertification and land degradation
The 2020 national desertification assessment classifies 76.9% of Mongolia’s territory as affected by desertification to some degree (31.5% weak, 22.1% moderate, 18.6% severe, 4. % very severe). Both target provinces are among the eight aimags most affected. Dundgovi is in fact the most heavily desertified aimag in Mongolia: every hectare of provincial territory shows some degree of desertification, with 54.8% classified as “severe”, 30.9% as “very severe”, 13% as “moderate” and only 1.3% as “weak”.¹⁹ The 2019 field-based assessment identified the principal natural drivers as moisture deficit, intensifying winds, increased frequency of intense convective rainfall and global warming; the principal anthropogenic drivers as livestock overstocking, urbanisation, mineral exploration and extraction, and the proliferation of unpaved tracks. In 50 of the 67 desertification monitoring sites surveyed in 2019, at least one unpaved road of 3.6–10 m width was located within a 1 km radius — direct evidence of how rapidly multiplying tracks for livestock movement, mining access and tourism are eroding the topsoil layer and contributing to dust mobilisation.[25]

In Uvurkhangai, the desertification picture is less acute on average but follows the same north–south gradient as the climate: the Khangai-fringe northern soums show only weak-to-moderate degradation, while the southern soums show severe degradation comparable to northern Dundgovi. Degradation is attributed principally to summer storms, spring sandstorms, frost cycles and human activity, and identifies wind- and water-induced soil erosion as significant risks across substantial parts of the province.[21]

The implication for the project is that desertification is both context and constraint. As context, it explains why ecosystem-based adaptation through agroforestry is a legitimate and necessary intervention category — without active soil and microclimate stabilisation, even the best greenhouse and irrigation technologies will be deployed in a steadily degrading environment that progressively undermines their performance. As constraint, it limits the locations and species suitable for agroforestry: shelterbelts established on heavily desertified Gobi soils require 3–5 years of supplementary irrigation before they become self-sustaining, and species choice must be biased heavily toward drought-tolerant native or naturalised genotypes.

[bookmark: _Toc233981279]Agro-ecological implications for vegetable production
Synthesising the biophysical and production evidence above, the operating envelope for smallholder vegetable production in the two target provinces can be characterised through the following profile, common to both provinces but with quantitatively divergent severity:
Short and constraining open-field season. A frost-free window of 90–115 days in Uvurkhangai and 115–130 days in Dundgovi places a hard ceiling on the production cycle of warm-season vegetables (tomato, pepper, cucumber, eggplant, melon) that need 100–140 days from transplant to maturity. In a normal year the window is sufficient if planting is precisely timed; in a year with late spring or early autumn frosts (a one-in-three-year occurrence) the harvest is materially reduced or lost. Protected cultivation extends the operating season to 8–9 months and is therefore not optional but structural to any meaningful intensification of vegetable output.

Severe and multi-vector wind exposure. Annual mean wind speeds of 4–6 m/s, peak gusts of 28–40 m/s in catastrophic events, more than 30 days/year of sand or dust storm activity in Dundgovi and 12–20 days/year in Uvurkhangai impose four design constraints simultaneously: structural (wind load), dust intrusion (ventilation), foliar damage (mechanical), and soil erosion (root-zone instability). Single-skin polytunnels and lightweight low-tunnel structures are not viable in Dundgovi without adjacent shelterbelt protection; even in Uvurkhangai, lightweight structures fail at well-below-design return periods. Reinforced polycarbonate structures combined with multi-row shelterbelts represent the operationally robust configuration.

Acute moisture deficit, severe in Dundgovi. Annual aridity index (P/ET₀) of 0.20–0.30 in Uvurkhangai and 0.10–0.13 in Dundgovi places both provinces in the semi-arid to arid range. Open-field rainfed vegetable production is not viable in Dundgovi and is marginal in southern Uvurkhangai. Drip irrigation is the default delivery mode; surface and sprinkler systems are not cost-competitive at smallholder scale and are also incompatible with the project’s water-stewardship objectives. Solar-powered drip is the operationally and environmentally preferred energy source.

High thermal stress in both directions. Diurnal temperature ranges of 15–25 °C, January extremes of –35 to –45 °C, July extremes of +35 to +41 °C all impose simultaneous heating, cooling and ventilation requirements on any closed production system. Passive design — insulating thermal mass, low-aspect-ratio earth-sheltered geometry, polycarbonate or twin-wall glazing — reduces but does not eliminate the thermal management challenge. Smallholder operators must understand both modes of failure (cold injury from inadequate winter retention; heat injury from inadequate summer ventilation) and be trained accordingly.
Active and accelerating land degradation. Both provinces show empirically documented degradation trajectories — declining pasture biomass, declining soil organic matter, increasing surface armouring, expanding indicator species of degradation, more frequent and severe sand storms — that progressively increase the cost of greenhouse and irrigation operation if not actively mitigated. Agroforestry shelterbelts and the broader Billion Trees programme are the principal mitigation infrastructure, and any project intervention should be designed in coordination with — and to take advantage of — that programme rather than independently of it.

The above profile produces a distinctive agro-ecological envelope in each province that cleanly separates the technology requirements:
Table 12. Agro-ecological envelope by zone
	Zone
	Province coverage
	Defining characteristics
	Implications for technology package

	Forest-steppe (north Khangai)
	Northern Uvurkhangai
	Higher precipitation (250–306 mm); cold winters; available surface water; market-oriented producers; existing seed and seedling supply infrastructure
	Earth-sheltered passive solar greenhouses; gravity-fed or low-cost solar drip; agroforestry for protection of fruit-and-berry plantations; cooperative scaling potential

	Steppe (central)
	Central Uvurkhangai including Arvaikheer and Kharkhorin soums, and northern Dundgovi
	Moderate precipitation (150–250 mm); shallow groundwater (5–25 m in Uvurkhangai); active extension service; strong wind exposure; financial capacity moderate
	Passive solar or polycarbonate greenhouses; direct solar drip from shallow wells (Uvurkhangai) or shallow boreholes (Dundgovi); shelterbelt as integral component

	Desert-steppe (south, Gobi)
	Southern Uvurkhangai and central-southern Dundgovi including Mandalgovi (Saintsagaan soum)
	Low precipitation (<150 mm); deep groundwater (50–150 m); severe wind and dust exposure; women-led smallholder production; financially constrained households
	[bookmark: Xa8b72e25484b6a8d59f111a3b4b354114c12aba]120 km/h wind-rated polycarbonate greenhouses; submersible solar pump + LiFePO₄ battery storage; mandatory shelterbelt (Caragana–Hippophae–Haloxylon multi-row); enhanced producer support and risk-sharing finance

	Source: Created by author



[bookmark: _Toc233981280]Implications for technology screening
The combined evidence assembled in Sections 4.2 to 4.10 — on agro-climatic exposure, water resources, soils, vegetation and climate hazards — defines a set of binding criteria that any candidate technology must satisfy if it is to be feasible, climate-resilient and consistent with sustainable resource use under local conditions. Six such criteria emerge directly from the evidence above and are carried forward as inputs to the technology screening in chapter 7:
Water-use efficiency. Aridity indices of approximately 0.20–0.30 in Uvurkhangai and 0.10–0.13 in Dundgovi, combined with the over-abstraction risk documented in the deep confined aquifers of the Gobi basin and the projected decline in regional surface-water resources, mean that any technology placing additional demand on the water resource must be evaluated explicitly against its delivered productivity per unit of water consumed. Technologies that increase unmonitored or uncapped groundwater abstraction without commensurate efficiency gains should be regarded as maladaptive irrespective of their other merits.

Season stabilisation and thermal performance. A frost-free open-field window of 90–115 days in Uvurkhangai and 115–130 days in Dundgovi, combined with diurnal and seasonal temperature ranges that include both winter extremes below –40 °C and summer extremes above +35 °C, mean that any technology aimed at stabilising or extending vegetable production must be evaluated against documented performance under both cold and hot envelopes — not against either extreme in isolation.

Resilience to wind, dust, hail and frost. Annual frequencies of more than 30 sand-and-dust storm event-days in Dundgovi and 15–30 in Uvurkhangai, peak gusts in catastrophic events documented at 28–40 m/s, and recurrent localised hail events of the type that destroyed 1,038 ha of cropland in Kharkhorin in 2025 establish minimum design loads and ancillary protective requirements that any structural technology must meet. The specific structural ratings, glazing choices and design of complementary on-farm protective measures are matters for Chapter 7.

Avoidance of maladaptation. Technologies must not lock producers into pathways that increase their long-term vulnerability. The principal documented risks in the two provinces are unsustainable groundwater abstraction (especially in Dundgovi), structural failure of unreinforced installations under wind, hail or freezing-rain loads, displacement of pastoral land use without adequate planning, and degradation of the existing agroforestry and shelterbelt programmes through poorly-coordinated infrastructure expansion. The screening must surface and evaluate each of these risks explicitly for every candidate technology.

Support to financing and insurance. Producers in both provinces have very limited access to concessional credit and to crop-specific insurance products. Technologies whose performance is predictable, whose key parameters can be monitored (water use, in-greenhouse climate data, geo-located installation registers), and whose installations follow standardised designs are easier to underwrite and to finance. Selection should therefore favour options that can plausibly support the digitalised insurance product to be designed under Output 3 of this Technical Assistance.





[bookmark: _Toc233981281]Target Beneficiaries and Farming Systems (Social-Economic baseline)
This chapter establishes the socio-economic baseline: who the intended beneficiaries are, how their farming systems are organised, what resources and constraints shape their decisions, and — critically — what level of investment they can realistically mobilise. The purpose is to ensure that the technology options screened in Chapter 7, the province-specific packages defined in Chapter 8, and the cost-benefit scenarios constructed in Section 8.5 and appraised in the companion CBA report (Output 1.3) are anchored not only in environmental suitability but also in the operational and financial reality of the farm households they are meant to serve.
A robust characterisation of the target group is a precondition for any credible feasibility assessment. Two design questions cannot be answered without it. First, affordability can only be assessed once the “affordable” level of investment for the targeted farmers has been specified; a technology that is technically excellent but financially out of reach is not feasible. Second, targeting requires that the farmer population be characterised and, where relevant, differentiated by production capacity, investment capacity and market access, because a single undifferentiated category of “smallholder” conceals a spectrum of households with very different needs and absorptive capacities. This chapter addresses both questions directly and uses the answers to define the beneficiary tiers that the remainder of the report relies upon.

The analysis draws on three classes of evidence. National and provincial statistics from the National Statistics Office (NSO) and the 1212.mn database[43, 44] and the Uvurkhangai land-management baseline study[21] provide the structural picture of crop and vegetable production. The 2025 annual reports of the provincial Departments of Food and Agriculture in both aimags[12, 13] provide the most recent local production data. Primary field evidence — farm typologies, plot and structure sizes, land and water arrangements, and finance constraints — is taken from the CTCN field missions conducted in May 2026[45, 46, 47]. This is complemented by authoritative international and policy sources (FAO, the Asian Development Bank, the World Bank and Mongolian legislation) to situate the provinces within the national and sectoral context. To avoid duplication, market demand, price dynamics and value-chain structure are treated in Chapter 6; this chapter addresses market orientation only at the household level, as a beneficiary characteristic.

[bookmark: _Toc233981282]Defining the smallholder vegetable farmer
[bookmark: _Toc233981283]International reference and Mongolian adaptation
Following the Food and Agriculture Organization of the United Nations (FAO), smallholders are producers operating on a limited scale, relying predominantly on family labour, and facing constrained access to finance, technology and markets. [16] In the Mongolian context, this definition must be adapted to a setting dominated by extensive pastoralism. Agriculture contributes roughly 10–11% of national GDP and employs about one third of the workforce, but livestock accounts for some 80% of agricultural output and pasture for about 73% of agricultural land; cultivated crops occupy less than 1% of the national territory[footnoteRef:2]. Crop-based smallholders are therefore a numerically small but strategically important group, concentrated in and around settlements and central to national food security and the substitution of vegetable imports. [2:  Agriculture accounts for about 10–11% of GDP and one third of employment; livestock represents roughly 80% of agricultural output and pasture about 73% of agricultural land[18, 19].] 


Within crop agriculture, vegetable production is itself a specialised niche. Nationally, potato is essentially self-sufficient, whereas an estimated 30–40% of vegetable consumption is still met through imports, concentrated in the long off-season; the Government's target of full vegetable self-sufficiency frames the sector as a development priority.[61] [footnoteRef:3] Importantly for this project, around 80% of Mongolia's vegetables are produced by small and medium-sized farmers cultivating less than three hectares,[footnoteRef:4] which confirms that the smallholder and small-commercial segment — not large agribusiness — is the appropriate object of a vegetable-focused adaptation intervention. [3:  National self-sufficiency for potato is estimated at about 100%, while roughly 30–40% of vegetable consumption is met through imports, concentrated in the off-season. [43]]  [4:  About 80% of vegetables are produced by small and medium-sized farmers on less than three hectares. [30]] 

[bookmark: _Toc233981284]Operational definition for this assessment
For the purposes of this feasibility study, a smallholder vegetable farmer is a household or family-operated enterprise that cultivates vegetables (and commonly potato and fodder) on a limited area — broadly up to about two hectares of cropland — relying primarily on family labour, using semi-intensive practices with limited irrigation infrastructure, modest input use and little mechanisation, and integrating crop production into a wider livelihood that frequently includes livestock and off-farm income. This structural definition deliberately rests on the organisation of the farm (scale, labour, livelihood integration) rather than on a single rigid asset or income threshold, because the latter would arbitrarily exclude exactly the producers the project must reach.

The two provinces sit at different points within this definition. In Uvurkhangai, smallholders more often operate mixed crop–livestock systems with some market orientation, supported by comparatively better soils and partial irrigation access. In Dundgovi, crop production is more constrained and more subsistence-oriented, limited by acute water scarcity and a harsher Gobi climate. Across both provinces, smallholders face a recurring set of structural constraints — limited and unreliable irrigation, weak access to quality inputs, thin extension services and restricted access to formal finance — which together depress productivity, destabilise income and slow technology adoption. Table 13 summarises the operational definition and its targeting implications.

Table 13. Operational definition of the smallholder vegetable farmer and targeting implications
	Dimension
	Definition / characteristic
	Implication for targeting

	Crop area
	Up to ~2 ha of cropland; vegetable plots typically a fraction of this (often <0.2–1 ha)
	Focus on small-scale producers; modular technology sized to small plots

	Labour
	Predominantly family labour, with seasonal hired help on larger units
	Solutions must be operable with limited and seasonal labour

	Production system
	Semi-intensive; low input intensity; minimal mechanisation; drip standard only inside greenhouses
	Need for affordable, low-maintenance technology and skills support

	Livelihood
	Vegetable production integrated with livestock and/or off-farm income; often supplementary
	Interventions must fit a diversified, risk-averse livelihood

	Water access
	Limited or unreliable; groundwater-dependent; surface and hand watering common
	Priority for water-efficient irrigation and secure water access

	Market orientation
	From self-consumption to semi-commercial; stronger in Uvurkhangai
	Differentiated support from subsistence to value-chain integration

	Investment capacity
	Ranges from negligible to moderate; shaped by access to blended/subsidised finance
	Beneficiary tiers required (Table 14) to match technology to capacity

	Climate exposure
	High — drought, frost, wind, hail, dust storms, desertification
	Priority for resilience and risk-mitigation measures

	Gender
	Women highly active in production but underserved in finance, assets and training
	Targeted, gender-responsive inclusion measures


Source: Authors' synthesis based on FAO (2013)[16], NSO (2025)[43] and CTCN field missions[45, 46, 47].
[bookmark: _Toc233981285]Differentiation by investment capacity
If “smallholder” is defined narrowly — as a farmer with essentially no capacity to invest — then the only honest recommendations are very cheap, simple technologies, and the project's central proposals (passive-solar greenhouses, solar-powered irrigation, integrated packages) would be rendered largely irrelevant. If, conversely, the focus is widened indiscriminately to medium and large farms, the intervention loses its development rationale of supporting vulnerable producers. The resolution adopted here is to retain a clear smallholder focus while recognising that investment capacity is not a fixed property of the household but a function of access to finance. The field evidence is decisive on this point: smallholders who register as legal entities can access subsidised SME and “green” credit, and several farmers visited had mobilised investments of 200–350 million MNT precisely through this route.[45] Affordability must therefore be defined as the investment a targeted household can mobilise through a realistic blend of own resources, subsidised loans and risk-sharing instruments — not as its current cash savings.

On this basis the target population is differentiated into three investment-capacity tiers (Table 14). The tiers are not separate target groups; they are a single continuum of smallholders matched to appropriately scaled technology and finance. The core target of the project is Tier 2 — emerging commercial smallholders — which comprises the majority of active vegetable-producing households in both provinces and is the tier for which the recommended greenhouse-and-irrigation packages are both needed and, with blended finance, affordable. Tier 1 (subsistence) households are reached through low-cost entry options and shared or grant-financed assets so that they are not excluded; Tier 3 (established producers) are engaged as demonstration anchors and co-financing partners whose scale helps de-risk technologies for the tiers below. This tiering is the mechanism that keeps the development focus on smallholders while ensuring the recommended solutions can actually be implemented.

Table 14. Investment-capacity tiers of smallholder vegetable farmers and indicative affordability envelope
	Tier
	Profile
	Finance access
	Affordable investment (indicative)
	Best-fit package

	Tier 1 — Subsistence / non-investing
	Family labour; <0.2 ha; production mainly for self-consumption; little cash; not registered
	Largely self-financed; grants; shared/communal assets; micro-amounts
	< ~5 million MNT (self-financed)
	Low tunnels, drip kits, improved seed, shared solar pump; entry-level

	Tier 2 — Emerging commercial (CORE TARGET)
	Family-operated with seasonal hired labour; ~0.2–2 ha; market-oriented; can register as a legal entity
	Subsidised SME loans (5%, up to 300 M MNT); Credit Guarantee Fund (60% guarantee); blended finance + index insurance
	~20–100 million MNT (own funds + subsidised loan)
	Passive-solar greenhouse (50–300 m²) + solar drip + shelterbelt — the recommended integrated package

	Tier 3 — Established / scaling
	Registered enterprise or cooperative; >1–2 ha or multiple structures; strong market links; technical experience
	Commercial + subsidised loans + own savings; higher collateral
	~100–350+ million MNT (loan + savings)
	Higher-spec / multiple greenhouses, double-film or polycarbonate, orchards; demonstration anchors


Source: Authors' synthesis. Investment ranges indicative and to be refined in the CBA; finance terms from CTCN finance/insurance mission consultations in May 2026.[47]
[bookmark: _Toc233981286]Structure of smallholder agriculture in the target provinces
[bookmark: _Toc233981287]National context
Mongolia's agricultural sector remains overwhelmingly livestock-based, with pastoral systems accounting for the great majority of land use. Because crop production occupies such a small share of land and labour, crop-based smallholder farmers form a limited but strategically significant group whose expansion is directly tied to national food-security and import-substitution objectives.[18] Vegetable production within this is small-scale, geographically concentrated and frequently secondary to livestock livelihoods. The practical implication, confirmed by the field missions, is that vegetable interventions must target a clearly defined and spatially concentrated set of producers around soum and aimag centres, rather than assuming broad-based adoption across rural households.
[bookmark: _Toc233981288]Crop farming structure and vegetable production
The two provinces present contrasting but complementary production structures, both of which are dominated numerically by smallholder households. In Uvurkhangai, the number of crop-farming entities has grown markedly: registered crop enterprises rose from 73 in 2018 to 96 in 2024, while crop-farming households rose from 722 to 1,140 over the same period — an increase of about 37%.[21] In 2024, the province cultivated roughly 281 ha of vegetables and 387 ha of potato; critically, smallholder households accounted for the majority of this area — about 204 ha of vegetables and 279 ha of potato — with registered enterprises cultivating the remainder (about 77 ha of vegetables and 107 ha of potato).[21] In other words, roughly three quarters of the province's vegetable and potato area is in the hands of small household producers, which both confirms the relevance of the smallholder focus and signals where the bulk of beneficiaries will be found.

In Dundgovi, the crop sector is far smaller and more fragile, consistent with the province's aridity. In 2025, 7 cooperatives, 18 enterprises and 114 individual households across the 15 soums cultivated a combined 112.3 ha, of which 26.8 ha produced 280 t of potato, 29 ha produced 235.8 t of vegetables, 21 ha produced 28.2 t of fruit and berries, and 50.4 ha produced 188.6 t of fodder — with cultivated area up 20.5 ha and total harvest up 250 t on the previous year.[12] Local production met about 23% of the province's combined potato and vegetable requirement (potato about 17%, vegetables only about 6.5%), underscoring both the depth of the supply gap and the small base from which the project must build. [12] Provincial vegetable self-sufficiency in Uvurkhangai is similarly reported below 30%.[46] Table 15 consolidates the production structure of the two provinces.

Table 15. Crop-farming structure and vegetable production in the target provinces (latest available, 2024–2025)
	Indicator
	Uvurkhangai
	Dundgovi

	Crop-farming households / individuals
	~1,140 households (2024); up from 722 in 2018
	114 individual households (2025)

	Crop enterprises / cooperatives
	96 enterprises (2024); up from 73 in 2018
	18 enterprises + 7 cooperatives (2025)

	Vegetable area
	~281 ha (of which ~204 ha by households)
	29 ha

	Potato area
	~387 ha (of which ~279 ha by households)
	26.8 ha

	Vegetable output
	Several thousand tonnes (provincial)
	235.8 t

	Potato output
	~3.8 thousand tonnes (households + enterprises)
	280 t

	Fruit / berry area
	Emerging (orchards, berry shrubs)
	21 ha → 28.2 t

	Greenhouses
	~253 units (provincial)
	156 units ≈ 19,530 m²

	Local self-sufficiency (potato + vegetables)
	Vegetables reported below 30%
	~23% (potato ~17%, vegetables ~6.5%)


Source: Gazar Delkhii LLC (2025)[21] drawing on NSO (2025a)[43]; Annual reports of DFAs in both aimags (2025)[12, 13]; CTCN field missions.[45, 46, 47] Figures rounded; greenhouse counts include seasonal and winter structures.
[bookmark: _Toc233981289]The greenhouse sub-sector
Protected cultivation is the fastest-moving and most strategically important segment for this project, and the field missions documented it in detail. In Uvurkhangai, the dominant structure is the seasonal polyethylene-film tunnel (single and double film), used mainly from spring to autumn, with year-round winter production still rare; designs range from self-built passive-solar greenhouses through imported Chinese double-film polytunnels to one fully controlled-environment hydroponic farm.[46] Representative scales illustrate the spread: household units run from roughly 32–160 m² up to two 20×6 m tunnels; one assessed enterprise operated a 210 m² passive-solar greenhouse alongside a 274 m² double-film and a 48 m² single-film unit; and the Arvaikheer municipal complex (about 5 ha, 37 staff) was deploying 37 tunnels ranging from 4×8 m to 8×28 m. Reported provincial output from 253 greenhouses was on the order of 7,000 t of cucumber, 5,000 t of tomato, 3,100 t of watermelon and smaller quantities of pepper and other crops, with realistic tomato yields around 15–20 kg/m².[46] Mechanisation is essentially absent and much production is fully manual.

In Dundgovi, the same technologies appear under harsher conditions and at a smaller scale. The province operated 156 greenhouses (about 19,530 m²) in 2025, including 2,980 m² of winter greenhouses producing chard, strawberry and cucumber, for a total greenhouse harvest of about 163 t.[12] Field visits documented a government-owned facility of two 600 m² passive-solar greenhouses clad in polycarbonate (chosen over polyethylene for durability and thermal performance, with an integrated but non-operational heating system), Korean-design greenhouses modified by reducing height from 6 m to 4 m to resist wind, and an emerging commercial farm combining a large insulated-wall passive-solar greenhouse with a double-polyethylene unit, all under drip irrigation with plastic mulch.[45] Two observations from the missions are decisive for the feasibility logic and recur throughout this report: financial metrics for greenhouses must assume seasonal rather than year-round operation; and the choice between a low-cost passive-solar design and a high-specification polycarbonate structure is the single most consequential variable for viability in Dundgovi.
[bookmark: _Toc233981290]Typology of farming systems
The suitability and scalability of the proposed technologies depend on the structure of the production systems into which they are introduced. Four farming systems are relevant to this project. Reflecting field experience, the two systems that depend most directly on supplementary irrigation — open-field smallholder vegetable plots and climate-stressed dryland plots — are treated together as a single open-field irrigated vegetable system, because in practice both require the same core solution (efficient, pressure-based drip irrigation) and both benefit from the same complementary measures (perimeter fencing and shelterbelts). The distinction between them is one of degree — water scarcity is more acute in the dryland (Dundgovi) case — rather than of kind. This consolidation also clarifies the sizing question that recurred during the missions: open-field vegetable plots in the target range are most realistically supported at between roughly 500 m² and 1 ha, where a fenced, drip-irrigated plot is large enough to be commercially meaningful yet small enough to be managed by a family unit and protected by a shelterbelt or perimeter fence.

Protected cultivation forms the second system. Greenhouses in the project context are most realistically sized from about 50 m² as a small-scale household unit up to about 300 m² for a passive-solar structure — either earth-walled designs or newer cold-resistant variants — with both worth piloting and validating side by side. The third system, mixed crop–livestock production, remains the dominant rural livelihood model, in which vegetables compete with livestock for labour and capital and typically play a secondary, food-security role. The fourth, an emerging diversified and commercial horticulture system, is represented by the entrepreneurial producers documented in both provinces — seedling specialists, hydroponic operators, orchard and berry growers, and multi-structure greenhouse farms — who, although fewer in number, demonstrate the upper end of what is achievable and serve as demonstration and supply hubs. Table 16 maps each system to its constraints, indicative sizing and best-fit technologies.

Table 16. Typology of smallholder farming systems: constraints, indicative sizing and suitable technologies
	Farming system
	Key constraints
	Indicative sizing
	Suitable technologies & objective

	Open-field irrigated vegetable systems (incl. climate-stressed dryland plots)
	Inefficient water use; drought and wind exposure; soil erosion; salinity locally
	Plots ~500 m² – 1 ha; fenced
	Solar-powered drip irrigation; perimeter fencing and shelterbelts (agroforestry); improved seed and fertigation. Objective: water efficiency, wind protection and higher, more stable yields

	Protected cultivation (greenhouse) systems
	Short season; temperature extremes; high capital cost; wind/snow loads
	Greenhouses ~50 m² (small) – 300 m² (passive-solar)
	Passive-solar greenhouses (earth-wall and cold-resistant types) with drip; low tunnels and film for season extension; seedling raising. Objective: extend season, raise value, stabilise supply

	Mixed crop–livestock systems
	Competing labour and capital; vegetables secondary; low priority
	Household garden plots; small structures
	Integrated small-scale irrigation and greenhouses; fodder systems. Objective: diversify income and build resilience

	Emerging diversified / commercial horticulture
	Capital intensity; technical and maintenance demands; market risk
	Multiple structures; orchards 1–2 ha
	Double-film/polycarbonate greenhouses; hydroponics; orchards and berry shrubs; nurseries. Objective: demonstration, value-chain leadership and local input supply


Source: Authors' synthesis based on CTCN field missions[45, 46, 47] and provincial data. Sizing guidance reflects field-verified, family-manageable units and feeds the reference units used in the CBA.
[bookmark: _Toc233981291]Land and water tenure and shared infrastructure
Two ownership questions must be settled before any capital-intensive technology can be recommended, because they determine who can lawfully invest in a fixed asset on a given plot and who can operate a shared water point. The first concerns land; the second concerns water and the pumping infrastructure — including solar pumps — that draws on it. Both are decisive for whether solar-powered irrigation, greenhouses and shelterbelts can be financed and sustained, and both were raised directly during project review.
[bookmark: _Toc233981292]Land tenure: ownership, possession and use
Under the Constitution and the Law on Land, land in Mongolia is the property of the State, except for limited plots that may be owned by Mongolian citizens — in practice residential and household plots, capped in soum centres at about 0.5 ha per household.[footnoteRef:5] Agricultural cropland is therefore almost never owned outright; instead it is held under land possession rights, granted for terms of 15 to 60 years and renewable, by a certificate issued by the Soum or District Governor, typically allocated through a tender or administrative decision.[50] A separate, weaker category of land use rights allows shorter-term or secondary access, including by legal entities and for specific purposes. Registration, mapping and monitoring of these rights are administered through the national e-land platform (egazar.gov.mn), which records parcel boundaries, holders and the type and term of right. [5:  According to Article 6 of the Constitution of Mongolia, land is State public property except limited plots owned by citizens.[48] The Land Law specifies that crop land is held under possession rights for 15–60 years by certificate; wells and water points on pastureland are common-tenure resources. [50] Registration is administered through the national e-land platform (egazar.gov.mn).] 


The practical implications for the project are significant. A farmer with a long-term, registered possession certificate has the secure tenure needed to justify a fixed investment such as a greenhouse, a borehole or a shelterbelt, and to pledge associated assets when seeking finance — possession can be inherited and, within limits, transferred, which gives it real collateral-like value even though the land itself remains State property. Conversely, where a household holds only a short use right, or occupies a plot informally, the same investment is far riskier and harder to finance. Secure, documented possession should therefore be treated as a basic targeting criterion (Section 5.7), and project support for technologies with long asset lives should be directed first to beneficiaries whose tenure horizon matches or exceeds the payback period of the technology. Tenure is parcel-specific and verifiable on egazar.gov.mn.
[bookmark: _Toc233981293]Water access and the limits of pumping
Across both provinces, groundwater is the principal source of irrigation water, supplemented by rivers, springs and channels in a few better-endowed soums. The field missions documented greenhouse and irrigation wells of roughly 80–150 m depth in the central steppe zone of Uvurkhangai, and shallower boreholes of about 50–60 m at the Dundgovi provincial nursery.[45, 46] Irrigation practice is mixed and largely inefficient: hand watering still dominates open-field plots, only around 10% of producers use sprinklers, and drip irrigation — although standard inside greenhouses — is not yet widespread in the open field. Pumping is mostly powered by diesel or grid electricity, frequently on old or rented equipment of inadequate capacity, and no operating solar-powered pumping was observed during the missions, although provincial officials expressed strong interest in it for off-grid sites.[46] These conditions define both the opportunity and the binding constraints for solar-powered irrigation: deep boreholes in the steppe imply submersible DC pumps with storage and a realistic planning assumption of roughly seven to eight effective solar-pumping hours per day, whereas shallower wells permit simpler direct-pumping configurations.

Water tenure differs fundamentally from land tenure and is central to how solar pumps can be shared. Under the Law on Land and the Water Law, water resources are State property, and wells and water points constructed on pastureland are treated as common-tenure resources available to herders and households of the locality rather than the exclusive property of a single user, while abstraction is regulated through use permits, fees and river-basin authorities (for example the Orkhon basin authority in Uvurkhangai).[50] A borehole and pump installed on an individual's possessed cropland can reasonably be operated by that household alone; but a water point intended to serve several producers, or located on common land, requires a collective arrangement for ownership, operation, maintenance and cost-sharing. There is at present no dedicated national standard for solar irrigation systems — only the Renewable Energy Law, the Water Law and general MNS/IEC equipment standards apply — so operating and maintenance responsibilities for shared solar pumps must be defined contractually at project level.[46]
[bookmark: _Toc233981294]Ownership and management models for solar pumps and shared assets
Resolving the question “how can we make use of the solar pump — water-user association, cooperative, or individual?” requires matching the ownership model to the tenure situation and the number of users served. Three models are appropriate to the project context, and the choice among them follows directly from land and water tenure rather than from preference. Table 17 sets out the three models, the tenure basis for each, the situations they best fit and their principal conditions and risks. The field evidence counsels caution about the most communal end of the spectrum: a government-owned communal “Agro Park” in Dundgovi, intended for shared use, was found largely abandoned, underlining that communal models succeed only where operation, maintenance and cost recovery are clearly assigned and genuinely owned by the users.

Table 17. Ownership and management models for solar-powered pumps and shared irrigation infrastructure
	Model
	Tenure basis
	Best-fit situation
	Key conditions and risks

	Individual / on-plot
	Single household's registered possession of the cropland; well serves that plot
	A Tier 2 or Tier 3 farmer with a secure possession certificate and a borehole on their own plot, irrigating a greenhouse and drip field
	Simplest and most robust model; requires secure individual possession and sufficient own/loan finance; no cost-sharing complications

	Water-user association / shared borehole
	Common-tenure water point on shared or pasture land; association of neighboring users
	Several adjacent smallholders (incl. Tier 1) sharing one deeper borehole, pump and storage where individual wells are uneconomic
	Needs a written agreement on ownership, abstraction shares, maintenance duties and fees; aligns with common-tenure rules; risk of free-riding if rules are unclear

	Cooperative / communal facility
	Cooperative or local-government asset; members hold use rights to land and shared equipment
	A registered cooperative operating a shared pumping and greenhouse facility, or anchoring a cluster of members; useful for collective finance and marketing
	Strongest for accessing SME/cooperative finance and economies of scale, but most demanding to govern; cautionary precedent of an abandoned communal Agro Park where maintenance was unassigned


Source: Authors' synthesis based on the Law on Land and Water Law of Mongolia and CTCN field missions (May 2026)[45, 46, 47, 50, 59]. The ownership model should be confirmed per site, using egazar.gov.mn tenure records.
[bookmark: _Toc233981295]Farmer characteristics: gender, income, finance and access to resources
Beyond farm structure and tenure, four cross-cutting characteristics shape whether and how the target households can adopt the proposed technologies: the role of women, the level and stability of income, access to finance, and access to inputs, extension and markets. The climate hazards that bear on these households — drought, water scarcity, frost, wind, hail and dust storms — are documented in detail in the biophysical baseline (Chapter 4) and are not repeated here; this section treats them only as they translate into socio-economic vulnerability and investment capacity.
[bookmark: _Toc233981296]Gender dimensions
Women are central to smallholder vegetable and greenhouse production in both provinces, and frequently lead it. The field missions documented enterprises reporting equal participation and joint decision-making, a fully women-operated hydroponic farm, and prominent women-led businesses in both Arvaikheer and Kharkhorin, including a former nurse running three production sites and an experienced woman seedling producer.[46] Yet this high participation is not matched by equal control of assets or access to support: land and equipment, and the State production incentives attached to them, are frequently registered in the name of the (often male) household head, and access to finance, machinery and technical training remains comparatively more limited for women.[footnoteRef:6] International evidence is consistent that closing these gaps in access to land, finance, inputs and extension raises both productivity and resilience.[20] For this project the implication is operational rather than rhetorical: technology, finance and training measures should be explicitly gender-responsive — for example by enabling women to hold possession certificates and loans in their own name, and by setting gender-disaggregated participation targets — so that women's high labour contribution translates into an equal share of the benefits. [6:  Asset ownership and State production incentives are frequently registered to the (male) household head, although women perform a large share of the work.[19]] 

[bookmark: _Toc233981297]Income, livelihood structure and investment capacity
Smallholder households in both provinces typically operate in low-to-moderate income brackets, with livelihoods diversified across livestock herding, seasonal crop production and off-farm income. Vegetable production usually contributes a supplementary rather than a primary share of household income, and earnings are highly variable and sensitive to climatic conditions — markedly so in drought-prone Dundgovi. This combination of modest, unstable income and a risk-averse, diversified livelihood has a direct bearing on investment capacity: it depresses the volume of own funds a household can commit up front and raises the premium it places on avoiding catastrophic loss. It does not, however, mean that smallholders cannot invest at all. As Section 5.2.3 established, the binding determinant of investment capacity is access to finance, not current savings, and the central task is therefore to convert latent capacity into actual investment through appropriately structured credit and risk-sharing.
[bookmark: _Toc233981298]Access to finance
Access to formal finance is the single most-cited barrier to technology adoption, and the finance and insurance mission mapped the available instruments in detail. Smallholder credit access is very low — reported at under 10% — principally because of high collateral requirements and the fact that crops and livestock are not accepted as loan collateral; banks instead require property, vehicle, life or credit insurance alongside any loan.[47] Against this backdrop, a set of public and quasi-public instruments materially expands what a registered smallholder can mobilise. The Small and Medium Enterprises Agency offers subsidised loans at 5% with the first two years interest-only, available to micro-enterprises of fewer than ten staff up to 300 million MNT, but only to farmers registered as legal entities. The Credit Guarantee Fund guarantees up to 60% of a loan (to a maximum of 1.2 billion MNT, about EUR 300,000) for crop, livestock and greenhouse farmers with at least one year of operation, at 10.27–12.34% against prevailing market rates of 19–20%. Commercial banks lend to the sector on a smaller scale — State Bank's agricultural loans average around USD 10,000 (up to 100 million MNT) and Khan Bank offers farmers a preferential 18.6% — but agriculture remains under 1% of bank portfolios.[47] Table 18 summarises these instruments and links each to the beneficiary tiers defined earlier. The clear conclusion is that registration as a legal entity is the gateway to affordable finance, and that the project's affordability case for Tier 2 rests on combining subsidised loans, partial guarantees and risk-sharing rather than on any single product.

Table 18. Principal finance and risk-sharing instruments and their relevance to the beneficiary tiers
	Instrument
	Provider
	Key terms
	Eligibility & relevance to tiers

	Subsidized SME loan
	SME Agency (via commercial banks)
	5% interest; first 2 years interest-only; up to 5-year term; up to 300 M MNT for micro-enterprises (<10 staff)
	Legal entities only. Core enabler for Tier 2 greenhouse/irrigation packages; incentivizes registration

	Credit guarantee (green loan)
	Credit Guarantee Fund
	Guarantees up to 60% of loan; max 1.2 B MNT (~EUR 300,000); 10.27–12.34% vs 19–20% market; ≥1 year in business
	Crop, livestock and greenhouse farmers. Lowers collateral barrier for Tier 2 and Tier 3; substitutes for missing crop collateral

	Commercial agricultural loan
	State Bank, Khan Bank and others
	State Bank avg ~USD 10,000 (up to 100 M MNT); Khan Bank ~18.6% (vs ~20%); land, housing, machinery as collateral
	Available to registered producers with collateral. Supports Tier 3 scaling and working capital; limited for unregistered Tier 1

	Index / picture-based crop insurance (proposed)
	Mongolian Re and private insurers
	No premium subsidy yet; index-based livestock insurance reaches ~18% penetration; horticulture products to be designed under the project
	Risk-sharing layer that makes loans serviceable across tiers; precondition treated in the CBA and the Output 3 design

	Own funds, grants, shared assets
	Household savings; donor / government grants
	Self-financed micro-amounts; grant or communal provision of entry-level equipment
	Reaches Tier 1 (subsistence) households not yet able to register or borrow; finances low-tunnel and shared-pump entry options


Source: CTCN finance and insurance mission consultations with the SME Agency, Credit Guarantee Fund, State Bank, Khan Bank, Mongolia Re and MIMA in May 2026.[47] Terms indicative and subject to change; insurance products are to be designed under the project.
[bookmark: _Toc233981299]Access to inputs, extension and markets
Three further resource constraints complete the picture. Access to quality inputs is uneven: seed, fertiliser and equipment are supplied largely through Ulaanbaatar-based traders who prefer larger customers, although local seedling and nursery production — a women-led strength in both provinces, with the Uvurkhangai forest nursery producing over 500,000 seedlings and the Dundgovi provincial nursery around 800,000 — is reducing dependence on imported planting material and strengthening local value chains.[45, 46] Extension and advisory services reach larger and cooperative producers reasonably well but do not consistently reach smaller and women-headed households, so technology adoption is constrained as much by knowledge as by capital. Market orientation rises with scale and is stronger in Uvurkhangai, where proximity to Arvaikheer, Kharkhorin and the Ulaanbaatar corridor supports semi-commercial production, than in more remote Dundgovi, where output is more subsistence-oriented; the detail of demand, prices and value chains is treated in Chapter 6. Taken together, these constraints reinforce the case for pairing each technology with targeted training, support for local input supply, and attention to the market link, rather than supplying hardware alone.
[bookmark: _Toc233981300]Existing production constraints
A growing number of former herders are leaving the pastoral economy and settling in and around regional centres, where households typically hold plots of roughly 700 m² to two hectares; for these new small-scale farmers, vegetable production — in the open field or under cover — offers a profitable alternative to scarce year-round wage employment. Yet the smallholders who have taken it up face, beyond the biophysical envelope described in Chapter 4 and the socio-economic characteristics set out above, a set of structural and technical production constraints that depress productivity, destabilise income and slow technology adoption. These constraints are the immediate rationale for the technology packages assessed in the remainder of the report. Four production-capacity constraints are drawn together here — irrigation infrastructure, climate-protection infrastructure, mechanisation and technical support. The closely related constraints of access to finance and insurance are treated in the analysis of farmer finance earlier in this chapter, and those of storage, post-harvest loss and market access are treated in the market assessment (Chapter 6); they are therefore only cross-referenced below.
[bookmark: _Toc233981301]Low irrigation efficiency and ageing infrastructure
Irrigation is a critical input under Mongolia’s continental dryland conditions, yet only about 13.6 thousand hectares of cropland were irrigated nationally in 2024, of which Uvurkhangai accounted for less than 100 ha and Dundgovi practically none.[43] Existing systems are also ageing and failing: the 2025 Uvurkhangai DFA report attributes declining potato and vegetable harvests in Kharkhorin, Arvaikheer and Taragt soums directly to the breakdown of irrigation systems, compounded by the failure of a small water-retention dam in Tugrug soum.[13] Most systems in Uvurkhangai still rely on furrow or basin irrigation, with relatively few drip or sprinkler installations; in Dundgovi the small irrigated footprint is divided between greenhouse hand-watering, isolated drip systems and a handful of small solar-pump units.[12, 14] This condition — distinct from the water-access and tenure questions discussed above — is the direct rationale for the water-efficient, solar-powered drip irrigation the project promotes.
[bookmark: _Toc233981302]Limited and fragile climate-protection infrastructure
The existing stock of protected-cultivation structures is being eroded faster than it is replenished. National greenhouse area declined by 23.0% in 2024 (from 493.4 ha to 379.9 ha) and total greenhouse harvest fell by 31.5% to 3,673 t.[43] The predominant structures in both target provinces are low-cost single-film plastic tunnels with a useful life of only two to three seasons; passive-solar, polycarbonate and earth-sheltered designs remain rare, and few facilities incorporate environmental controls, automated ventilation or thermal storage. In Dundgovi, of 156 greenhouse units only two are winter-capable, and the Undurshil and Gurvansaikhan soums both reported total greenhouse losses to wind events over the previous decade.[12, 14] This fragility — set against the greenhouse sub-sector described earlier in this chapter — is precisely why the project prioritises reinforced, wind-rated and passive-solar designs over lightweight single-film structures.
[bookmark: _Toc233981303]Low mechanisation and high manual labour intensity
Vegetable production remains heavily manual. Sectoral analysis of the value chain finds that household producers, who account for around 70% of national vegetable output, perform roughly 80% of all production tasks by hand.[42] Recent equipment investment in Uvurkhangai has begun to ease this — including MNT 740 million of private machinery investment in Kharkhorin and Uyanga soums and MNT 350 million of local-budget machinery support in Yesunzuil and Kharkhorin in 2025 — but coverage remains thin.[13] In Dundgovi, mechanisation stands at 33.5% across all crop categories combined, highest in Erdenedalai soum following its 2025 acquisition of a tractor, plough, fine-vegetable seeder, oat seeder and maize harvester, and at or below 25% elsewhere.[12, 14] Low mechanisation raises labour costs and caps the area a family can realistically manage — a constraint the field-verified sizing of the reference units in this chapter explicitly accounts for.
[bookmark: _Toc233981304]Limited technical support
The Mongolian Extension Advisory Service system has been described as fragmented, under-resourced and disproportionately focused on the livestock sector, with only one or two agronomists per province. [6] Provincial delivery, while meaningful, is modest relative to need: in 2025 the Uvurkhangai DFA delivered three farmer-training events to 56 vegetable producers alongside aimag- and national-level grower meetings,[13] and the Dundgovi DFA delivered four training events to 168 vegetable growers in coordination with the JICA MON-SHEP project and the Billion Trees / Green Dundgovi initiatives.[12, 14, 23, 30] Both fall well short of the demand documented in farmer surveys and do not substitute for a sustained, demand-driven extension model with permanent local presence. Because adoption is constrained as much by knowledge as by capital, this gap reinforces the case, developed throughout this report, for pairing each technology with targeted training and advisory support rather than supplying hardware alone.

Taken together with the finance and insurance constraints discussed earlier in this chapter, and with the storage, post-harvest-loss and market-access constraints treated in Chapter 6, these production-capacity constraints define what the recommended technology packages must overcome. They also explain why the project pairs each production technology with finance, training and market-linkage measures: hardware alone would not be sufficient to convert the sector’s latent potential into durable, bankable smallholder livelihoods.
[bookmark: _Toc233981305]Priority beneficiaries and targeting strategy
Drawing the preceding analysis together, this section identifies the priority beneficiary groups, the geographic and system-based logic for reaching them, and the criteria by which individual beneficiaries should be selected. The aim is a targeting strategy that keeps the project's development focus on vulnerable smallholders while concentrating limited resources where the recommended technologies can succeed and be sustained.
[bookmark: _Toc233981306]Priority beneficiary groups
Five overlapping groups warrant priority. They are not mutually exclusive — a single household may belong to several — and they map onto the investment tiers defined in Table 14 rather than replacing them. Table 19 describes each group, the rationale for prioritising it and its principal tier association.


Table 19. Priority beneficiary groups and rationale
	Group
	Description
	Priority rationale
	Main tier

	Emerging commercial smallholders
	Family-operated, market-oriented vegetable producers on ~0.2–2 ha, able to register as legal entities and access subsidised finance
	The core target: large in number, technically ready, and the group for which the recommended packages are both needed and affordable
	Tier 2

	Women producers and women-led enterprises
	Women managing or co-managing vegetable, seedling and greenhouse operations, often without assets or finance in their own name
	High labour contribution and strong track record, but underserved; gender-responsive targeting raises productivity and equity
	Tiers 1–3

	Subsistence and near-subsistence households
	Very small producers (<0.2 ha) growing mainly for self-consumption, with little cash and often unregistered
	Most climate-vulnerable; reached through low-cost entry options and shared/grant-financed assets so they are not excluded
	Tier 1

	Established producers and demonstration farms
	Registered enterprises and experienced growers operating multiple structures, orchards or hydroponics
	Serve as demonstration anchors, local input suppliers and co-financing partners that de-risk technology for smaller tiers
	Tier 3

	Cooperatives and water-user associations
	Groups of producers organised to share boreholes, pumps, greenhouses, finance or marketing
	Enable shared solar-pumping and collective finance/marketing where individual investment is uneconomic (Table 17)
	Tiers 1–3


Source: Authors' synthesis based on CTCN field missions (May 2026)[45, 46, 47] and provincial data. Groups overlap and map onto the investment tiers of Table 14; the emerging commercial segment is the core target.
[bookmark: _Toc233981307]Geographic and system-based targeting
Because crop production is spatially concentrated, targeting should follow the producers rather than spread thinly across rural areas. In Uvurkhangai, priority clusters are the central-steppe settlements of Arvaikheer and Kharkhorin and their surrounding soums, where producer density, water access and market links are strongest, with selective engagement in the Khangai mountain-steppe and southern Gobi soums according to zone-specific conditions. In Dundgovi, the small producer base is concentrated around the provincial capital Mandalgovi and a handful of soum centres, so the project should anchor on these and on the provincial nursery and demonstration facilities. Targeting should also be system-based (Table 16): the open-field irrigated vegetable system is the entry point for solar-powered drip irrigation, shelterbelts and fencing; the protected-cultivation system is the entry point for passive-solar greenhouses; and cooperative or water-user arrangements are the vehicle wherever shared boreholes and pumps are the only economic option. Province-specific differences — above all the greater water scarcity and harsher climate of Dundgovi — must continue to shape the technology mix, as established in Chapter 4 and developed in Chapters 7 and 8.
[bookmark: _Toc233981308]Beneficiary selection criteria and tier-to-package matching
To ensure that support reaches genuine smallholders and that investments are sustainable, individual beneficiaries should be selected against a transparent set of criteria, namely: status as an active vegetable producer in the target provinces; secure, registered land tenure (possession) matched to the asset's lifespan, verifiable on egazar.gov.mn; access to a water source compatible with solar pumping, or willingness to join a shared-water arrangement; willingness to co-finance and, for the relevant tiers, to register as a legal entity in order to access subsidised finance; inclusion of women and other under-served producers; and a basic willingness to participate in training and maintain the technology. Applying these criteria, each tier and group is matched to an appropriately scaled package, finance route and risk-sharing layer. Table 20 sets out this matching together with indicative beneficiary numbers for project design.




Table 20. Tier-to-package matching, finance route and indicative beneficiary numbers
	Tier / group
	Recommended package
	Finance & risk-sharing route
	Tenure / organization
	Indicative beneficiaries

	Tier 1 — Subsistence farmers
	Low tunnels, drip kits, improved seed, access to a shared solar pump; fencing where feasible
	Own funds; grants; shared/communal assets; entry-level
	Use rights or household plot; water-user association
	Smaller share; reached via shared assets and grants

	Tier 2 — Emerging commercial (CORE)
	Passive-solar greenhouse (50–300 m²) + solar-powered drip + shelterbelt — the recommended integrated package
	Subsidised SME loan (5%) + Credit Guarantee Fund (60%) + index insurance
	Registered possession; legal-entity registration; individual or cooperative pump
	Largest share of project beneficiaries

	Tier 3 — Established / scaling
	Higher-spec or multiple greenhouses (double-film/polycarbonate), orchards/berries, hydroponics; demonstration role
	Commercial + subsidised loans + own savings; guarantee for larger sums
	Registered possession; enterprise or cooperative
	Few, high-impact demonstration anchors

	Cross-cutting — Women & cooperatives
	Same packages, with tenure, finance and training enabled in women's own name; shared solar pumping via associations
	Gender-responsive access to all of the above instruments
	Possession/registration in own name; associations
	Mainstreamed across all tiers


Source: Authors' synthesis. Packages align with the typology (Table 16) and the CBA reference units (Section 8.5); finance routes from the May 2026 mission. Beneficiary shares are indicative and to be confirmed by household-level verification during implementation.
As working figures for project design, an indicative total in the order of 150–400 beneficiary households and enterprises in Uvurkhangai and 80–200 in Dundgovi is realistic, representing a meaningful subset of the active vegetable-producing households and enterprises recorded in each province (Section 5.2). These ranges are deliberately conservative and are intended to be refined through household-level verification during implementation; they should be read as planning envelopes rather than fixed quotas.[footnoteRef:7] [7: Indicative beneficiary ranges are working estimates for project design, to be confirmed through household-level verification during implementation; they represent a subset of the active vegetable-producing households and enterprises in each province.] 

[bookmark: _Toc233981309]Implications for technology assessment and the cost-benefit analysis
This socio-economic baseline yields several conclusions that carry directly into the technology assessment, the province-specific technology packages and the cost-benefit analysis. First, by defining smallholders structurally and differentiating them by investment capacity, the project retains its development focus on vulnerable producers while directing its flagship recommendations to the emerging commercial tier (Tier 2) that can both use and — through blended finance — afford them. Affordability is accordingly defined not as a household's current cash but as the investment it can mobilise through subsidised loans, partial guarantees and risk-sharing, and this is the affordability benchmark the CBA should apply.

Second, the baseline confirms that ownership questions are tractable and must be built into both design and selection: secure, registered possession is the basis for financing long-lived assets, and the three ownership models for solar pumps (Table 17) provide ready templates for individual, association-based and cooperative arrangements, with the abandoned communal Agro Park a reminder that governance, not hardware, determines sustainability. Third, the analysis reaffirms the centrality of the greenhouse decision: protected cultivation is the value driver around which the packages are built, and for Dundgovi in particular the choice between a low-cost passive-solar design and a high-specification polycarbonate structure remains the single most consequential variable for viability — a parameter the CBA must test explicitly under seasonal-operation assumptions.
Finally, the household-level evidence sets the parameters and scenarios the CBA will examine. The field-verified sizing — open-field plots of roughly 500 m² to 1 ha and greenhouses of about 50–300 m² — defines the reference units; the gender, finance, input and extension constraints define the enabling conditions on which adoption depends; and the tiered, package-based logic defines what the CBA should compare. Consistent with the report's scenario structure, the analysis should test a baseline against improved irrigation, irrigation plus greenhouse, irrigation plus agroforestry, a fully integrated package, and an insurance-only variant, evaluated separately for each province. In this way, the characterisation of beneficiaries and farming systems established in this chapter provides the socio-economic foundation on which the technical and economic feasibility of the proposed interventions is assessed in the chapters that follow.



[bookmark: _Toc233981310]Market Assessment
The central purpose of this chapter is to provide the market rationale for the technology recommendations — that is, to examine based on evidence, whether the available market potential will allow the targeted smallholders to recover their investment and earn a positive return if they invest in the recommended solar-powered irrigation, greenhouse and agroforestry-supported production systems. The chapter therefore deliberately connects market conditions to the technology and cost-benefit analysis that follows, rather than treating the market as a stand-alone topic. The assessment proceeds in five steps: it characterises national demand and its drivers; constructs the national supply–demand balance and measures self-sufficiency; analyses the scale, composition and origin of imports and the resulting import-substitution opportunity; examines seasonality, prices and the off-season premium; and reviews market access, value chains and logistics, with particular attention to the two target provinces. It closes by drawing out the implications for technology feasibility and return on investment.
The analysis follows the apparent-consumption method commonly used in national market studies, in which total market supply is measured as domestic production minus exports plus imports, and self-sufficiency as the domestic share of that supply. [5] In line with the project's convention, and with national statistical practice, potato is treated separately from vegetables while melons and watermelon are counted as vegetables. The evidence base combines official 2024 statistics — the National Statistics Office (NSO) agricultural data on the 1212.mn portal[43, 44] and the 2024 foreign-trade records of the Customs General Administration of Mongolia[9] — with authoritative secondary sources, including the Asian Development Bank's value-chain study, FAO material, two earlier market analyses prepared for Mongolian vegetable-sector projects, and the project's own May 2026 field missions. Because the 2025 statistical yearbook is not yet available, 2024 is used as the reference year throughout for production, consumption and trade data.
[bookmark: _Toc233981311]National vegetable demand
[bookmark: _Toc233981312]Demand drivers
Demand for vegetables in Mongolia is on a sustained upward path, driven by four reinforcing factors. The first is population growth: the population reached about 3.5 million in 2024 and continues to grow at over 1% per year, steadily enlarging the consumer base.[footnoteRef:8] The second is urbanisation: roughly three quarters of the population is now urban and close to half lives in Ulaanbaatar, which concentrates demand in a small number of large markets that depend almost entirely on produce brought in from elsewhere.[44, 66] The third is rising incomes and a dietary transition away from an overwhelmingly meat- and dairy-based diet towards greater consumption of fresh produce, reinforced by growing health awareness. The fourth is policy: food security and vegetable self-sufficiency are explicit national priorities, supported by the Parliament Resolution No. 36 on food supply and security, Vision 2050 and the New Recovery Policy, which together create sustained public demand-side support for domestic production and import substitution.[60, 61, 62] Together, these drivers point to a market that is growing in absolute size and shifting in composition toward the fresh vegetables that the project targets. [8:  Mongolia's population in 2024 was about 3.5 million, of which roughly three quarters is urban and close to half lives in Ulaanbaatar. [44, 66]] 

[bookmark: _Toc233981313]Consumption levels and the nutrition gap
Apparent vegetable consumption in 2024 — total market supply divided by population — was on the order of 116 kg per person per year (Section 6.2). [9, 43][footnoteRef:9] This gross availability figure, however, overstates what reaches the plate, because it is reduced by substantial post-harvest losses and waste before consumption. Direct measurement of intake tells a different and important story: Mongolia's recommended dietary intake is about 260 g of vegetables per person per day (roughly 95 kg per year), yet household survey data show actual intake far below this — only about one fifth of the level implied by international planetary-health-diet benchmarks, and lowest in rural areas and in the long cold season.[footnoteRef:10] FAO's dietary guidance for Mongolia likewise recommends at least three servings of vegetables a day, a level most of the population does not reach.[17] The gap between recommended and actual intake is itself a measure of latent demand: as incomes rise, as cold-season availability improves and as nutrition awareness grows, per-capita consumption has clear room to increase, expanding the market beyond what population growth alone would deliver. Table 21 summarises the principal demand drivers and consumption benchmarks. [9:  Total market supply is defined as domestic production + imports − exports; national vegetable self-sufficiency in 2024 was 69.3%.]  [10:  Ministry of Health of Mongolia recommended dietary intake (260 g of vegetables per person per day, ≈ 95 kg per year)[5]; and Azjaragl et al. (2023) found that actual vegetable intake is well below recommended and EAT-Lancet planetary-health-diet levels.[3]] 


Table 21. National vegetable demand drivers and consumption benchmarks (2024)
	Driver / benchmark
	Indicator
	Implication for demand

	Population
	≈ 3.5 million (2024), growing > 1% per year
	Steadily expanding consumer base

	Urbanisation
	≈ 75% urban; close to half in Ulaanbaatar
	Demand concentrated in markets supplied from outside the city

	Apparent consumption
	≈ 116 kg per person per year (gross availability)
	Sizeable existing market; gross of post-harvest losses

	Recommended intake
	≈ 260 g/day ≈ 95 kg/year (Mongolian RDI)
	Benchmark for a healthy diet; basis for demand targets

	Actual intake
	Well below recommended; ≈ one fifth of EAT-Lancet level
	Large latent demand as incomes and awareness rise

	Income & diet transition
	Shift toward fresh produce; rising health awareness
	Structural upward pressure on vegetable demand

	Policy
	Self-sufficiency target; food-security resolution; Vision 2050
	Sustained public support for domestic supply and substitution


Source: NSO (2024/2025) and UN World Population Prospects 2024; Ministry of Health recommended intake and Bromage et al. (2023); FAO dietary guidelines. Apparent consumption is gross availability (production + imports − exports) per capita.
[bookmark: _Toc233981314]Aggregate market size
In aggregate, the national vegetable market — measured as total market supply — reached about 407.6 thousand tonnes in 2024, and has expanded rapidly, roughly doubling from around 200 thousand tonnes in 2020.[43] Even on conservative assumptions about per-capita consumption, a market of this size and trajectory is more than large enough to absorb the incremental output that the project's targeted smallholders would generate, which is measured in hundreds to low thousands of tonnes rather than in the tens of thousands. The binding question for feasibility is therefore not whether aggregate demand exists — it plainly does and is growing — but whether domestic producers can supply specific products, in specific seasons, at competitive prices and quality. The remainder of the chapter addresses precisely those dimensions.
[bookmark: _Toc233981315]Domestic supply and the supply–demand balance
[bookmark: _Toc233981316]National production trend
Domestic vegetable production has risen markedly. National output reached about 282.3 thousand tonnes in 2024, an increase of roughly 35% on the 208.4 thousand tonnes of 2023 and more than double the 2020 level, reflecting sustained policy support, area expansion and a national drive to raise food self-sufficiency.[43] Production remains highly concentrated geographically: the northern and central crop provinces — led by Selenge, together with Tuv, Darkhan-Uul and Khovd — account for the great majority of national output, while the two target provinces contribute a small share. As established in Chapter 5, Uvurkhangai is a modest but growing producer (vegetables on the order of 281 ha) and Dundgovi a very small one (about 29 ha, some 236 tonnes), with the latter among the lowest-producing aimags in the country.[footnoteRef:11] This concentration has two implications for the project: nationally produced vegetables must be transported long distances to reach many consumers, which raises costs and losses and opens space for production closer to regional markets; and the two provinces, while small in the national total, are precisely the kind of under-served production areas where incremental, climate-resilient output can substitute for both imports and costly long-distance domestic supply. [11:  Provincial vegetable self-sufficiency is reported below 30% in Uvurkhangai and about 6.5% (vegetables) / 23% (potato and vegetables combined) in Dundgovi.[12, 13, 14, 45, 46]] 

[bookmark: _Toc233981317]The national supply–demand balance and self-sufficiency
Bringing production and trade together yields the national supply–demand balance set out in Table 22, compiled from official NSO and customs data. In 2024, domestic production of 282.3 thousand tonnes met about 69.3% of total market supply of 407.6 thousand tonnes, with imports of 125.3 thousand tonnes (and negligible exports) covering the remaining 30.7%.[43] Self-sufficiency has improved over the period — from roughly 61% in 2020 to 69% in 2024 — as production has outpaced the rising population, but a structural gap of around 30% of supply persists, and in absolute terms imports have continued to grow because total demand has grown even faster. Figure 8 illustrates the balance and the self-sufficiency trend.

Table 22. National vegetable supply–demand balance, 2020–2024 (thousand tonnes)
	Year
	Domestic production
	Imports
	Exports
	Total supply
	Self-sufficiency

	2020
	121.2
	78.5
	≈ 0
	199.7
	60.7%

	2021
	121.7
	75.7
	≈ 0
	197.4
	61.7%

	2022
	148.9
	69.7
	≈ 0
	218.6
	68.1%

	2023
	208.4
	92.3
	≈ 0
	300.7
	69.3%

	2024
	282.3
	125.3
	≈ 0
	407.6
	69.3%


Source: NSO (2025a)[43], Customs General Administration of Mongolia (2025)[9]. Total supply = domestic production + imports − exports; Self-sufficiency = domestic production ÷ total supply. Vegetables exclude potato but include melons and watermelon are included.
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Figure 8. National vegetable supply–demand balance and self-sufficiency, 2020–2024
[bookmark: _Toc233981318]Seasonality of supply
The most consequential feature of domestic supply is its seasonality. Open-field production is confined to a short summer growing season of three to four months, after which domestic fresh supply collapses; with limited storage and almost no winter production, the market through the long winter and early spring depends heavily on imports and on the small volume of stored and protected-cultivation produce.[43] The result is a pronounced intra-annual cycle: a glut and depressed prices at harvest, followed by scarcity and high prices for more than half the year. This seasonal imbalance is the single most important market fact for the project, because it is precisely what the recommended greenhouse and storage technologies are designed to address — extending the production and marketing window into the high-price months and smoothing the supply curve. The price consequences of this seasonality are examined in Section 6.4.
[bookmark: _Toc233981319]Vegetable imports and import-substitution opportunities
[bookmark: _Toc233981320]Scale and composition of imports
Mongolia imported about 125.3 thousand tonnes of fresh vegetables in 2024, worth approximately USD 30.6 million at the border; this figure excludes potato and follows the customs definition comprising fresh vegetables together with melons and watermelon.[9] Imports rose by roughly 36% on 2023, underscoring that a growing domestic market is still being met substantially from abroad. The composition is informative: four categories — cabbages, the residual “other fresh vegetables” line, onions and garlic, and lettuce and chicory — together account for the overwhelming majority of imported volume, with smaller but strategically important quantities of melons and watermelon, tomatoes, cucumbers and root vegetables. Table 23 and Figure 9 set out the composition by category.

Table 23. Composition of fresh vegetable imports by category, 2024
	Category
	Quantity (t)
	Value
(million USD)
	Share in total quantity
	Average price (USD/kg)

	Cabbages
	34,432
	9.15
	27.5%
	0.27

	Other fresh vegetables
	31,090
	7.00
	24.8%
	0.23

	Onions & garlic
	25,069
	6.53
	20.0%
	0.26

	Lettuce & chicory
	20,911
	4.41
	16.7%
	0.21

	Melons & watermelon
	4,987
	1.25
	4.0%
	0.25

	Tomatoes
	4,773
	1.29
	3.8%
	0.27

	Cucumbers
	2,087
	0.53
	1.7%
	0.26

	Carrots, beets & root vegetables
	1,940
	0.44
	1.5%
	0.23

	Total fresh vegetables
	125,288
	30.61
	100%
	0.24


Source: Customs General Administration of Mongolia.[9] Total of 125,288,302.5 kg ≈ 125.3 thousand tonnes. Average price is the border (CIF-type) unit value, not the retail price.
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Figure 9. Composition of fresh vegetable imports by category, 2024 (thousand tonnes)
[bookmark: _Toc233981321]Import origins and prices
Mongolia's vegetable imports come overwhelmingly from its neighbours — principally China, with some volumes from Russia — reflecting geography, road and rail links and the seasonal complementarity of supply.[2] A striking feature of the data is the very low border price of imported vegetables: average unit values in 2024 were around USD 0.21–0.27 per kilogram, or roughly USD 0.24 per kilogram across all fresh vegetables.[9] These low landed prices set a competitive benchmark that domestic producers must approach, and they explain why import substitution depends on raising domestic yields and lowering unit costs, not on demand alone. Two qualifications, however, work strongly in favour of domestic production. First, the border price is not the price consumers pay: by the time imported vegetables reach winter retail markets, transport, handling, spoilage and margins raise prices well above the border figure, and well above summer farm-gate levels — the off-season premium examined in Section 6.4. Second, processed and value-added vegetable imports (frozen, dried and canned), recorded separately in the customs nomenclature, command far higher unit values — on the order of USD 1.9 per kilogram in earlier analysis — indicating a higher-value segment that improved domestic handling and storage could also begin to contest.[5]
[bookmark: _Toc233981322]Per-crop self-sufficiency and the substitution map
Aggregate self-sufficiency conceals very different positions crop by crop, and it is the crop-level pattern that links the market directly to the technology recommendations. The most recent detailed national breakdown shows that Mongolia is already largely self-sufficient in several field and greenhouse vegetables — cucumber (about 95% domestic), carrot and beet (about 93%), tomato (about 86%) and the melon/watermelon/squash group (about 70%) — while remaining heavily import-dependent in others, notably onions and garlic (about 64% imported), cabbage (about 54% imported) and the broad “other / fine vegetables” category excluding leafy salads (about 93% imported).[5] The 2024 import composition (Table 23) is fully consistent with this pattern: the largest imported volumes are exactly those crops — cabbage, onion and garlic, and the “other vegetables” and leafy categories — in which domestic supply is weakest. Table 24 maps each crop group to its self-sufficiency position and to the project technologies most relevant to closing the gap, making explicit where additional domestic production can displace imports.

Table 24. Per-crop self-sufficiency and import-substitution map
	Crop / category
	Domestic self-sufficiency
	Position
	Relevance to the project (technology link)

	Cucumber
	≈ 95% domestic
	Strong
	Mainly greenhouse-grown; protected cultivation can hold and extend this position into the off-season

	Carrot, beet & root
	≈ 93% domestic
	Strong
	Open-field; solar-drip irrigation and storage raise yields and reduce losses to defend the position

	Tomato
	≈ 86% domestic
	Moderate–strong
	Greenhouse crop; off-season winter tomato is still imported — a prime greenhouse substitution target

	Melon & watermelon
	≈ 70% domestic
	Moderate
	Open-field/greenhouse; counted as vegetables; scope to displace summer imports with better water supply

	Cabbage
	≈ 46% domestic (≈ 54% imported)
	Import-dependent
	Largest single imported category; open-field with reliable irrigation can substitute substantially

	Onion & garlic
	≈ 36% domestic (≈ 64% imported)
	Import-dependent
	Major import; open-field production with irrigation and storage offers clear substitution scope

	Other / fine vegetables
	≈ 7% domestic (≈ 93% imported)
	Highly import-dependent
	Largest combined gap; greenhouse and season-extension production of higher-value fine vegetables

	Leafy salads (lettuce, etc.)
	Largely imported
	Import-dependent
	Fast-cycle greenhouse and protected crops; strong fit for passive-solar and winter production


Source: Self-sufficiency shares are the most recent detailed national breakdown[5], read against the 2024 import composition.[9] Highlighted rows are the import-dependent crops where domestic substitution scope is greatest. Shares are indicative and to be refined with updated crop-level data.
[bookmark: _Toc233981323]Quantifying the substitution opportunity
The import-substitution opportunity can therefore be stated concretely. About 125 thousand tonnes of fresh vegetables, worth at least USD 30 million at the border and considerably more at retail, were imported in 2024 — a volume that domestic production does not yet supply and that national policy explicitly seeks to replace.[9] The opportunity is not evenly distributed: it is concentrated in cabbage, onion and garlic, leafy and other fine vegetables, and in off-season tomato and cucumber — and these map directly onto the open-field and greenhouse production systems the project promotes. The scale of the national gap means that the incremental output of the project's targeted smallholders, far from facing a saturated market, would substitute for imports and for costly long-distance domestic supply rather than displacing other local producers. The Asian Development Bank's value-chain analysis reached the same conclusion, identifying substantial scope for import substitution and a sizeable potential domestic market for vegetables as the anchor of the sector's investment case.[2] This is the core of the market rationale: there is ample room in the market for additional domestic vegetables, provided they can be supplied competitively and, crucially, at the right time of year.
[bookmark: _Toc233981324]Prices, seasonality and market opportunities
[bookmark: _Toc233981325]Seasonal price dynamics
The seasonality of supply translates directly into a pronounced seasonality of prices. During the short summer harvest, the domestic glut depresses farm-gate and wholesale prices, and — in the absence of adequate storage and coordinated marketing — many smallholders are compelled to sell immediately, often at distress prices, with post-harvest losses further eroding returns. Through the winter and early spring, when domestic fresh supply is minimal and the market relies on imports, prices rise sharply, commonly to around 1.5 to 2 times peak-season levels.[45, 46, 47] Figure 10 illustrates the resulting inverse relationship between domestic availability and price across the year, and Table 25 summarises it by season. This price cycle is the mechanism that converts the supply gap into an economic opportunity: the same kilogram of produce is worth far more in February than in August.



Table 25. Seasonality of domestic supply and prices
	Season
	Domestic fresh supply
	Price level
	Market situation and opportunity

	Summer (harvest)
	High — open-field peak
	Low
	Glut and distress sales; storage and aggregation needed to avoid losses and capture later value

	Autumn
	Moderate and declining
	Moderate and rising
	Transition; stored and late greenhouse produce begins to command better prices

	Winter
	Very low
	High
	Import-dependent; strong premium for greenhouse and stored domestic produce

	Spring (early)
	Minimal
	Very high
	Peak scarcity and prices; the highest-value window for protected and stored production


Source: Authors' synthesis based on CTCN field missions[45, 46, 47] and earlier national market analysis[2, 4, 5]; the off-season price premium is commonly 1.5–2 times peak-season levels. Figure 10 presents the pattern in stylised, illustrative form.
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Figure 10. Seasonal pattern of domestic supply and wholesale prices
[bookmark: _Toc233981326]The off-season premium and the greenhouse case
The off-season premium is the foundation of the economic case for protected cultivation. A greenhouse that extends production into late autumn, winter or early spring sells into precisely the months when prices are highest and competing supply is most expensive imported produce. This is why the financial returns to greenhouses depend so heavily on seasonal operation and on the value of the off-season window, and why the greenhouse is the decisive value driver in the technology packages. The crops that command the largest winter premium and remain substantially imported off-season — tomato, cucumber, leafy salads and other fine vegetables — are exactly those best suited to passive-solar greenhouse and season-extension production. The market data thus do more than confirm that demand exists; they identify the specific products and seasons in which domestic protected cultivation can earn a premium sufficient to justify its capital cost.
[bookmark: _Toc233981327]Quality, freshness and consumer preference
Price is not the only dimension on which domestic producers can compete. Locally produced vegetables are widely preferred by consumers for their freshness and perceived quality, and a growing modern-retail and food-service segment — supermarkets, restaurants and institutional buyers — is increasingly interested in sourcing traceable, food-safe produce under reliable, hygienic conditions.[4] This preference partially offsets the low border price of imports, particularly for produce sold soon after harvest, and it rewards investments — in protected cultivation, careful handling, grading and storage — that improve and stabilise quality. It also points to a route by which domestic production can move beyond competing on price alone toward differentiated, higher-value supply, strengthening the return-on-investment case for the recommended technologies.
[bookmark: _Toc233981328]Market access, value chains and logistics
[bookmark: _Toc233981329]Value-chain structure and actors
Realising the market opportunity depends on the value chain through which produce reaches the consumer, and here the constraints are real. Mongolia's vegetable value chains are fragmented and weakly integrated: smallholders produce small volumes individually, with little aggregation or coordination, and most depend on traders and intermediaries to reach urban markets.[4] Intermediaries provide essential aggregation and distribution services but capture a significant share of the value, and weak market information and limited bargaining power leave farmers as price-takers. Around 80% of the country's vegetables are produced by small and medium farmers on less than three hectares, so improving how these producers connect to markets is central to the sector's development.[footnoteRef:12] Table 26 sets out the structure of the chain, its principal actors and the bottlenecks at each stage. [12:  About 80% of vegetables are produced by small and medium-sized farmers on less than three hectares.[30]] 


Table 26. Vegetable value-chain structure, actors and bottlenecks
	Stage
	Main actors
	Key bottleneck
	Consequence

	Production
	Smallholder households and small enterprises
	Small, dispersed volumes; seasonal concentration
	Hard to supply buyers reliably; weak scale economies

	Aggregation
	Traders and informal collectors
	Little farmer aggregation or coordination
	Low bargaining power; value captured by intermediaries

	Transport & logistics
	Private transporters
	No cold chain; long distances; high cost
	Spoilage and post-harvest losses; reduced margins

	Storage
	Largely absent at farm and regional level
	Insufficient cold and controlled storage
	Forced harvest-time selling; inability to capture off-season prices

	Wholesale
	Market intermediaries
	Concentrated, opaque pricing
	Price-taking by producers; weak price signals

	Retail
	Markets, shops, supermarkets
	Price volatility; quality/traceability gaps
	Volatile farmer incomes; preference partly met by imports


Source: Authors' synthesis based on ADB (2020)[2], Baast (2023)[4], and CTCN field missions[45, 46, 47].
[bookmark: _Toc233981330]Logistics, storage and post-harvest losses
Two constraints in particular bear on the project's economics. The first is the near-absence of a cold chain and of adequate storage at farm and regional level, which forces sales at harvest, prevents producers from holding stock into the high-price season, and drives substantial post-harvest losses that directly reduce the volume of marketable, revenue-earning produce. The second is the cost and unreliability of transport over Mongolia's long distances. Both constraints reduce the share of gross output that converts into income, and both can be eased by complementary investments — improved on-farm and aggregated storage, better handling, and producer aggregation — that earlier sector work has identified as priorities, including through dedicated storage-and-marketing facilities.[4] For the feasibility analysis, the implication is twofold: storage and aggregation are not optional add-ons but conditions for capturing the seasonal price premium that underpins the investment case; and reducing post-harvest losses is itself a source of return, raising the marketable fraction of every additional tonne produced.
[bookmark: _Toc233981331]Market access in the two provinces
The two target provinces occupy different positions in this national picture, and both are better understood as production areas than as large consumption markets in their own right. Uvurkhangai has the stronger position: it has a larger producer base, better agro-ecological conditions and reasonable connectivity through Arvaikheer and Kharkhorin and along the corridor toward Ulaanbaatar, supporting semi-commercial production that can supply regional centres and, increasingly, the capital. Dundgovi is more constrained — production is small and largely subsistence-oriented, local purchasing power is limited, and the province is among the lowest producers nationally — but it lies on the main road south from Ulaanbaatar, and targeted, climate-resilient production focused on local markets, the provincial centre at Mandalgovi and niche off-season supply remains viable, especially where greenhouses and storage allow producers to sell when local alternatives are scarce.[12, 13, 14, 45, 46, 47] In both provinces the decisive market outlet is not the small local market alone but the combination of local demand, regional centres and the large Ulaanbaatar market, access to which depends on the logistics and aggregation improvements discussed above. Provincial self-sufficiency well below 30% in Uvurkhangai, and in single digits for vegetables in Dundgovi, also means that even local demand offers immediate, low-transport substitution opportunities for newly produced vegetables.
[bookmark: _Toc233981332]Implications for technology feasibility and return on investment
The market evidence assembled in this chapter provides the demand-side rationale that a feasibility study requires: it shows not only that a market exists, but that its specific characteristics — a persistent 30% import gap, acute seasonality with a strong off-season price premium, identifiable crop-level deficits, and a consumer preference for fresh local produce — align closely with what the recommended technologies deliver. The market does not, on its own, guarantee a return; that depends on competitive unit costs and on the complementary storage, aggregation and risk-management measures discussed below. But the conditions for a positive return are present. Table 27 makes the linkage explicit, connecting each recommended technology to the market driver it exploits and the mechanism through which it generates a return; the cost-benefit analysis then tests these returns quantitatively.

Table 27. Market rationale for the recommended technologies and the return-on-investment mechanism
	Technology
	Market driver exploited
	Return-on-investment mechanism

	Passive-solar greenhouses (incl. season extension)
	Off-season price premium (≈ 1.5–2×); winter import dependence in tomato, cucumber, leafy and fine vegetables
	Production sold in the high-price months substitutes for expensive imports; the premium over summer prices justifies the capital cost — the decisive value driver (Chapter 7; Section 8.5)

	Solar-powered drip irrigation & water efficiency
	Summer import gap in staples (cabbage, onion, carrot); low border prices requiring competitive costs
	Reliable water raises and stabilises yields and lowers unit cost, enabling domestic supply to displace summer imports and compete with cheap landed prices

	Agroforestry / shelterbelts (windbreaks)
	Quality and freshness preference; losses from wind, dust and abiotic stress
	Reduced crop damage and abiotic loss raise the marketable, revenue-earning share of output and improve quality; berry shelterbelts add a diversified income stream

	Storage, aggregation & value-chain measures (complementary)
	Seasonality and the harvest-time glut; intermediary value capture
	Holding produce into the high-price season and aggregating volumes lets producers capture the seasonal premium and a larger share of value, and cuts post-harvest losses


Source: Authors' synthesis linking the market analysis in this chapter to the technology assessment in Chapter 7 and the CBA. The greenhouse row is highlighted as the principal value driver.
Two caveats keep the conclusion realistic. First, the low border price of imported vegetables means that import substitution is achievable only where domestic production reaches competitive unit costs — which is itself the central reason for investing in yield-raising, water-efficient and protected-production technologies rather than expanding low-productivity open-field cultivation. Second, the market carries real risks: price volatility between glut and scarcity, competition from cheap imports, distance from major markets, and the need for aggregation and storage to reach buyers reliably. These risks are precisely why the project pairs production technologies with storage and value-chain measures and with the digitalised index-insurance component, which together stabilise incomes and protect the returns on which adoption depends.

On balance, the market assessment supports the feasibility of the proposed interventions. National demand is large and growing; a structural import gap of around 125 thousand tonnes a year offers a clear substitution target; seasonality generates an off-season premium that makes protected cultivation economically attractive; and crop-level deficits align with the open-field and greenhouse systems the project promotes. Provided targeted smallholders achieve competitive yields and costs and are supported by adequate storage, aggregation and risk-mitigation, the available market capacity is sufficient for them to earn a return on investment in the recommended technologies. This market rationale is carried forward into the technology screening of Chapter 7, the province-specific packages of Chapter 8, and the quantitative return calculations of the Cost-Benefit Analysis.




[bookmark: _Toc233981333][bookmark: _Hlk233914886]Technology Assessment
This chapter presents the feasibility and preliminary technology assessment prepared under Output 1.2. Its role is to identify the technology options that are technically suitable and operationally realistic for smallholder vegetable farmers in Dundgovi and Uvurkhangai, and preliminarily promising enough to carry into the cost-benefit analysis (CBA) under Output 1.3. For each technology category it answers five questions: which options are technically suitable for smallholders in the two provinces; under which conditions each option works; what the main design parameters, risks and enabling conditions are; which options should move forward to the CBA; and what assumptions the CBA should test.
The assessment applies a transparent two-step method. Step 1 is a multi-criteria assessment (MCA) that ranks the options within each technology category against a common set of criteria — technical feasibility and simplicity, climate resilience, water efficiency, affordability, insurability and scalability or smallholder suitability. Every option is scored on a common 1–5 scale with defined anchor values (1 = very low or disqualifying, 3 = moderate, 5 = very high or best-in-class), and the weighted score is the sum of score × weight. Step 2 then considers the production economics of the shortlisted options qualitatively — their cost drivers, capital intensity and likely effects on yields and returns — as an input to the province-specific packages; the full enterprise budgeting and financial appraisal are carried out in the companion cost-benefit analysis. The overall sequence is therefore: technology options → MCA shortlist → province-specific packages → CBA scenarios.

Accordingly, this chapter assesses each technology category in turn — greenhouses (7.1), irrigation (7.2), agroforestry (7.3) and energy as an enabling layer (7.4) — and for each presents the options, the MCA, the province-specific ranking and a preliminary shortlist. It then brings the shortlisted technologies together in a comparative screening (7.5) that confirms which technologies proceed to the next stage. The following chapter combines that shortlist into integrated, province-adapted packages and defines the basis for the cost-benefit analysis.
[bookmark: _Ref227589392][bookmark: _Toc233981334]Greenhouse technology
A greenhouse is a light-transmitting structure that allows plants to be cultivated under controlled or semi-controlled conditions. In Mongolia it is a central climate-adaptation technology: it raises yield per unit area, extends a short growing season, and makes it possible to grow vegetables that cannot be produced reliably in the open field. In the project context greenhouses perform several linked functions — they extend the growing season; protect crops from frost, wind, hail and heavy rain; give farmers greater control over the growing environment; stabilise yields and open new market windows; strengthen household economic security; and generate local employment. 
Although several greenhouse forms exist in Mongolia (see Annex 3), this feasibility assessment focuses on the options most relevant for climate-resilient smallholder vegetable systems in Dundgovi and Uvurkhangai. These include low-cost film structures, passive solar/earth-sheltered greenhouses, and more durable semi-permanent structures such as polycarbonate greenhouses, and double layer or even three-layer plastic film. Highly automated winter greenhouses are reviewed as reference technologies but are not currently considered the primary option for smallholder-scale deployment due to their higher investment and operating requirements.

Table 28. Benefits and risks of greenhouse production
	Benefits
	Risk

	Off-season and season-extended cultivation
	High initial investments

	Enhanced productivity / quality
	Need for skilled labour

	Efficient use of water and inputs
	High maintenance costs

	Effective control of pests & diseases
	Difficulty maintaining optimal growing conditions

	Implementation of tissue culture techniques
	Fertilizer deficiencies / excess

	Suitability for commercial nurseries and high value crops
	Power failures

	Hydroponics / areoponic cultivation of crops
	Susceptibility to certain pests and fungal diseases under humidity

	
	Tall growing tendency of the plants

	
	Difficulty in inter cultivation and land preparation

	
	Damages due to high wind gales / fire / other calamities



[bookmark: _Toc233981335]Typology of greenhouse technologies
For this assessment, greenhouse systems are grouped along three dimensions, with emphasis placed not on geometric shape alone but on the level of protection, durability and suitability for smallholder vegetable production. By structural form, greenhouses may be tunnel/arched, gable, lean-to or multi-span; by covering material, the practical distinction is between lower-cost film-based structures (single, double or triple plastic film) and more durable rigid-panel systems, chiefly polycarbonate and glass; and by operating period and level of climate control, systems range from summer/seasonal film greenhouses, through passive three-season and earth-sheltered greenhouses, to winter greenhouses with supplementary heating and higher automation.
By level of technology and control, three broad classes are relevant:
Low-technology systems — polyethylene tunnels and film greenhouses, usually combined with drip irrigation, and passive-solar (earth-sheltered) greenhouses. These are the most common structures in the target aimags. The passive-solar greenhouse is treated separately below because it is the pivotal design for the project.
Medium-technology systems offer a compromise between cost and productivity: vertical walls of roughly 2–4 m, total height under about 5.5 m, single- or double-skin film or glass cladding, roof and/or side ventilation and partial automation. Production is more efficient than in the open field and can be extended with hydroponics to raise water-use efficiency.
High-technology systems (fully automated) — wall heights of 4 m or more and roof peaks up to 8 m, film, polycarbonate or glass cladding, and almost fully automated environmental control. They deliver superior, resource-efficient yields but are capital-intensive and depend on a secure power supply. They are reviewed here as reference technologies only; they are not a primary option at smallholder scale because of their investment and operating requirements, and because the commercial market they serve does not yet exist in the project provinces.
[bookmark: _Toc233981336]Passive-solar and earth-sheltered greenhouses
Because the passive-solar greenhouse is the design best suited to Mongolia’s climate and to smallholder budgets, it warrants a dedicated description. A passive-solar (earth-sheltered, or “semi-underground”) greenhouse is built to capture and retain as much solar heat as possible so that fruit and vegetables can be grown out of season using only the energy of the sun, with little or no auxiliary heating through the winter. Three design principles work together to achieve this:
Earth-sheltering and thermal mass. The structure is partially excavated (typically 0.5–1.0 m below grade) and enclosed on the north, east and west by thick, heavy walls of rammed earth or mud-straw (0.4–0.6 m). The surrounding ground and the massive walls store daytime heat and release it slowly at night, buffering the large day–night temperature swings of the Mongolian climate. One or more water tanks (from about 3,000 L) add further thermal mass.
Solar orientation and selective glazing. A south-facing transparent roof of twin-wall polycarbonate or glass, pitched at 35–45°, admits low-angle winter sun, while the opaque, insulated north roof (straw and earthen plaster or rigid foam) prevents heat loss. The structure therefore behaves as a solar collector by day and an insulated store by night.
Low external energy demand. Because heat is captured and retained passively, a well-built earth-sheltered greenhouse needs no fossil-fuel heating for most of the year. GERES-verified designs maintain an interior temperature of about +12 °C when the outside air is −15 °C, and operate without heating from roughly February to November — a decisive advantage in a country with 2,600–2,800 sunshine hours a year but severe winters.
These features make the passive-solar greenhouse particularly suited to cold, sunny, resource-constrained settings: it uses locally available materials, has a long service life (15–20 years or more for the structure), and delivers season extension of two to four months at a capital cost far below that of heated or automated systems.
Two generations are relevant in the target provinces. The first-generation earth-sheltered greenhouses, introduced by international NGOs such as GERES and World Vision some 7–15 years ago, remain fully functional thanks to sturdy walls and robust timber frames, but their proportions generally allow only a single harvest. The improved second- and third-generation designs are taller, wider and better insulated; they withstand strong winds and frost better and, with careful management and at most a simple supplemental heating element, allow two harvests per season. Replacing or supplementing first-generation structures with these improved designs is a central recommendation of this assessment.
[bookmark: _Toc233981337]Greenhouses found in the project regions
The field mission confirmed that most greenhouses in use in the two aimags are summer greenhouses, predominantly simple arch or tunnel structures (also flat-arch and sawtooth shapes). These are frequently insufficient to turn a profit from a single harvest. The shape matters less than the covering: two or three layers of film, rather than one, materially improve heat retention and season length. A small number of first-generation earth-sheltered passive-solar greenhouses are also present and remain serviceable. The mission additionally visited a 60 m² hydroponic greenhouse and an unfinished mushroom cellar with a fine-mist system, and — outside the target regions, in Darkhan — a high-value heated commercial greenhouse, included only as a reference point.

(i) Earth-sheltered passive solar greenhouse (first generation about 15 years old) (Figure 8)
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	Thanks to the sturdy walls and robust wooden framework, the passive greenhouses—originally built 7 to 15 years ago—remain fully functional, with the exception of the plastic sheeting, which has been replaced every 3–5 years. Additionally, the size of the greenhouses has increased to at least 60 m², up from the original approximately 30 m².
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	Source: Expert contribution to the CTCN Mongolia feasibility study, 2026



(ii) Summer greenhouses type found in the target aimags, mainly arch type  (Figures 9)
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	The majority of the greenhouses used are so-called summer greenhouses, these are often insufficient for making a profit from a single harvest.
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	The greenhouse type/shape is not all that important; what is more significant is how many layers of film are used – ideally two or three layers for protecting against strong wind and cold winter.
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	Sawtooth shape
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	Arch and tunnel greenhouse type
	Sawtooth shape
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	Flat arch greenhouse shape
	Sawtooth shape
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	If a greenhouse is not maintained, meaning nothing is planted or the plastic sheeting is not protected, nothing happens, or rather, the greenhouse is left to its own and falls into disrepair. Even the best insurance cannot help here.

	Source: Expert contribution to the CTCN Mongolia feasibility study, 2026



 (iii) Passive Solar Greenhouse 2nd / 3rd generation (Figures 10)
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	Improved 2nd and 3rd generation of passive solar greenhouse - this type of greenhouse appears better suited to withstand strong winds and the risk of frost, due to its three walls, nowadays mainly made of double hollow blocks with polysterene insulation in between. 
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	29°C measured inside – plastic film protection allows for even earlier use of the greenhouse

	It is not only the multi-layered nature of the films that matter; two harvests should be aimed for; therefore, a keen interest and attention to detail are also prerequisites for profitable greenhouse vegetable cultivation. 


	Source: Expert contribution to the CTCN Mongolia feasibility study, 2026






(iv) Commercial heated greenhouse – not relevant for our beneficiary group  (Figure 11)
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	High-value commercial greenhouse – visited by consultant team in Darkhan soum, north of Ulanbaator

	Source: Expert contribution to the CTCN Mongolia feasibility study, 2026



Two observations from the mission bear on the assessment. First, greenhouse prices appear to have recently risen across all types, which reinforces the need to verify current investment costs against Mongolian market prices before scale-up. Second, the consultants recommend replacing the original earth-sheltered passive greenhouse with second- or third-generation passive solar greenhouses. These new-generation models are taller, wider, and better insulated, and should allow for two harvests per year, sometimes with the minor addition of a simple supplemental heating system.
[bookmark: _Toc233981338]Greenhouse configurations assessed and multi-criteria analysis
Seven greenhouse configurations were evaluated, spanning the full range from low-cost tunnels to advanced agri-photovoltaic systems.
Table 29. Greenhouse configurations reviewed
	Greenhouse type
	Cost (USD/m²)
	Lifespan
	Season Extension
	Heating Req.
	Insurability

	Low Tunnel or plastic mulching
	3–8
	1–2 seasons
	2–4 weeks
	N/A
	None

	Single-Film Polytunnel
	8–12
	2–3 yrs (film)
	4–6 weeks
	High
	Low

	Double-Film Polytunnel
	12–18
	3–4 yrs (film)
	6–8 weeks
	Medium
	Moderate

	Earth-Sheltered/ Double hollow blocks with polystyrene Passive Solar
	20 –55
	15–20+ yrs
	2–4 months
	None
	Good

	Polycarbonate Semi-Perm.
	30–70
	10–15 yrs
	2–4 months
	Low
	Excellent

	Venlo Commercial
	100–200
	20–30 yrs
	Year-round
	High
	Excellent

	Agri-Photovoltaic
	150–300
	20+ yrs
	Variable
	Low
	Good

	Source: OIKO elaboration based on CTCN field mission observations in Dundgovi and Uvurkhangai, national greenhouse expert inputs, Mongolian greenhouse standards MNS 6636:2016, MNS 6637:2016 and MNS 7060:2024, and comparative review of greenhouse technologies.



Most systems in use across the target aimags rely on manual or semi-mechanized climate control, with minimal use of sensors or digital monitoring. Predominant types include low-cost plastic tunnels and semi-controlled greenhouses, with virtually no fully automated systems deployed at smallholder scale. 

Scoring logic. The seven greenhouse configurations were scored against seven criteria on a scale from 1 to 5. Each agroforestry model is evaluated using a semi-quantitative scoring system from 1 to 5 (1 = very poor / disqualifying; 2 = poor / barely acceptable; 3 = acceptable but with significant caveats; 4 = good — appropriate for the Mongolian smallholder context; 5 = best-in-class for the criterion). Each criterion carries an explicit weight, and the weighted score (Σ) is the result of score × weight. The weights are set to reflect the project’s binding constraints. Among the criteria, water efficiency receives the highest single weight (0.25) because water is the binding biophysical constraint of the project. Affordability is intentionally constrained at 0.20 to prevent the cheapest option from automatically winning where it sacrifices climate resilience or insurability. Environmental and scalability are kept low (0.10 / 0.05) because they are enabling criteria.

Table 30. Greenhouse multi-criteria analysis - definitions and weights of the assessment criteria
	Criterion
	Description 
	Weight
	Justification (rationale for weighting)

	Water efficiency
	irrigation water demand per kg of marketable yield under controlled environment + drip irrigation.
	0.25
	Highest weight: water scarcity is the binding constraint in both target aimags.

	Affordability
	Capital cost per m² of covered area, judged against smallholder financing capacity and the project budget.
	0.20
	Smallholder cash-flow constraint but capped so the cheapest option cannot win where it sacrifices climate resilience. The technology must be financeable at less than 2–3× annual farm income or carriable through a cooperative model.

	Climate resilience
	Survivability under Mongolian climate stresses: −35 °C winter, dzud, sandstorms, summer heat, hail, 80–120 km/h winds.
	0.15
	Climate exposure is the central project rationale and directly relates to season extension. Insufficient resilience nullifies water- and yield-related benefits in season one.

	Technical simplicity
	Operability and maintainability by smallholder farmers and local cooperatives without specialist technicians or imported spares.
	0.15
	Solutions must be manageable by smallholders since local service capacity is limited.

	Insurability
	Compatibility with the Output 3 digital crop-insurance prototype: asset visibility, fixity, traceability, and a documentable yield baseline.
	0.10
	Cross-output linkage with the digital insurance pillar (Output 3). Lower weight than feasibility criteria because it is an enabling criterion.

	Environmental
	Lifecycle environmental footprint distinct from water use: embedded carbon, chemical input intensity, impact on soil and water, land disturbance.
	0.10
	Relates to the EbA mandate of the project. Secondary direct adaptation function dominates selection.

	Scalability
	Replicability beyond pilot to aimag and/or national level: standardisation, supply-chain availability and cooperative-vs-individual fit.
	0.05
	Considered as an enabling and not a selection criterion. The recommendations resulting from this study are tailored to the two target aimags.

	TOTAL
	
	1.00
	



The distinction between water efficiency and environmental deserves emphasis: the first measures how much irrigation water is needed per kilogram of produce (a productivity metric under the project’s water constraint), while the second captures the broader lifecycle footprint — embedded carbon in the structure, chemical-input intensity, and soil and land disturbance. They are complementary, not overlapping.

Result: The earth-sheltered passive-solar greenhouse scores highest (4.25/5.00), driven by its excellent climate resilience, zero heating cost and strong affordability for Mongolian conditions. The polycarbonate semi-permanent greenhouse ranks second (3.78), offering greater wind resistance and durability at a higher cost. 



Table 31. Greenhouse MCA - weighted scores
	Criterion
	Low tunnel
	Single film
	Double film
	Passive solar
	Polycarb.
	Venlo
	Agri-PV

	Water Efficiency
	2.0
	3.0
	3.5
	4.5
	4.5
	5.0
	4.5

	Affordability
	5.0
	4.5
	4.0
	4.0
	2.5
	1.0
	1.0

	Climate resilience
	1.0
	2.0
	3.0
	5.0
	4.0
	4.5
	3.5

	Technical simplicity
	5.0
	4.5
	4.0
	3.5
	3.0
	1.5
	1.0

	Insurability
	1.0
	2.0
	3.0
	4.0
	5.0
	5.0
	4.0

	Environmental
	2.0
	2.5
	3.0
	5.0
	4.0
	3.0
	5.0

	Scalability
	4.0
	4.5
	4.5
	3.0
	4.0
	5.0
	3.0

	WEIGHTED SCORE
	2.90
	3.30
	3.55
	4.25
	3.78
	3.40
	3.05



[bookmark: _Toc233981339]Province-specific rankings and recommended specifications 
The same criteria apply in both provinces, but the weights are tuned to each context — Uvurkhangai’s cold, better-watered forest-steppe versus Dundgovi’s semi-desert aridity and extreme wind — which shifts the province-level ranking.
Table 31. Uvurkhangai (cold-climate weighting)
	Greenhouse type
	MCA Score
	Rank
	Capital Cost
	Recommendation

	Double hollow block-sheltered passive solar
	4.45
	1st
	USD 20 – 55/m²
	Primary

	Double-layer polytunnel
	3.65
	2nd
	USD 12–18/m²
	Secondary

	Polycarbonate semi-permanent
	3.60
	3rd
	USD 30–70/m²
	Cooperative



Table 32. Dundgovi (water scarcity and wind weighting)
	Greenhouse type
	MCA Score
	Rank
	Capital Cost
	Recommendation

	Earth-Sheltered Passive Solar
	4.30
	1st 
	USD 15–25/m²
	Primary

	Polycarbonate Semi-Permanent
	4.25
	2nd
	USD 35–55/m²
	Co-financed upgrade

	Double-Layer Polytunnel
	3.50
	3rd
	USD 12–18/m²
	Budget option



The two provinces are differentiated through this weighting rather than through different criteria. In Dundgovi, the earth-sheltered passive-solar greenhouse ranks first: under the province’s wind- and aridity-weighted criteria, its superior climate resilience gives it the edge over the polycarbonate structure. The polycarbonate frame and rigid glazing withstand extreme wind better, but at USD 35–55/m² they make the Dundgovi package financially unviable, whereas the low-cost passive-solar design (USD 15–25/m²) makes it viable, as the companion cost-benefit analysis shows. Because the recommended shelterbelts (Section 7.3) supply the wind protection, the lower-cost passive-solar greenhouse is technically adequate and is therefore the recommended primary choice for Dundgovi; the polycarbonate greenhouse is retained as a higher-specification option to be taken up where public co-financing is available. In Uvurkhangai, where the passive-solar design already ranks first on both technical and cost grounds, no such trade-off arises.

Recommended greenhouse specifications: For both aimags, the earth-sheltered passive-solar greenhouse is recommended as the primary viable option. For Dundgovi, however, the same passive-solar design should be protected by shelterbelts, and a wind-resistant polycarbonate specification is additionally recommended as a co-financed upgrade.

Table 33. Both aimags: Earth-sheltered passive solar greenhouse
	Parameter
	Specification

	Dimensions
	6–8 m width × 20–50 m length (smallholder); up to 100 m (cooperative)

	Excavation
	0.5–1.0 m below grade for thermal mass

	North/East/West Walls
	Rammed earth or mud-straw, 0.4–0.6 m thickness

	South Roof
	Twin-wall polycarbonate 6–10 mm or tempered glass, 35–45° angle

	North Roof
	Opaque, insulated (straw + earthen plaster or rigid foam)

	Thermal Performance
	+12°C interior at −15°C external; no heating between February and November

	Capital Cost
	USD 15–25/m² (USD 3,000–7,500 for 200–300 m²)

	Annual O&M
	USD 1–2/m² (USD 200–600 for 200–300 m²)

	Lifespan
	15–20+ years (structure); glazing replacement at 10–15 years

	Source: OIKO elaboration based on CTCN field mission observations in Dundgovi and Uvurkhangai, national greenhouse expert inputs, and expert contribution to the CTCN Mongolia feasibility study, 2026



Table 34. Dundgovi: Polycarbonate semi-permanent greenhouse (as a wind-resistant and co-financed upgrade)
	Parameter
	Specification

	Dimensions
	8–10 m width × 10–30 m length

	Frame
	Hot-dip galvanized steel 2.5–3.0 mm, reinforced trusses

	Glazing
	Twin-wall polycarbonate 8–10 mm with UV coating; sealed gasket system

	Foundation
	Concrete strip 0.4 m × 0.8 m with steel anchors for 120 km/h wind

	Dust Management
	Positive pressure ventilation; air wash at entrance

	Capital Cost
	USD 35–55/m² (USD 10,500–16,500 for 300 m²)

	Annual O&M
	USD 2–3/m² (USD 600–900 for 300 m²)

	Lifespan
	10–15 yr (glazing) / 20+ yr (frame)

	Source: OIKO elaboration based on CTCN field mission observations in Dundgovi and Uvurkhangai, national greenhouse expert inputs, and expert contribution to the CTCN Mongolia feasibility study, 2026


Planning considerations for passive-solar greenhouses: For smaller, non-commercial, or semi-commercial greenhouse projects, solutions are often tailored to individual preferences, with simple double-film or passive solar greenhouses being popular choices. Even though there is flexibility in this area, a clear and structured plan is essential. The goal should always be to achieve the highest possible number of harvests—ideally at least two. An increasingly commercial approach is becoming a crucial factor for greenhouse operations to ensure consistent performance, efficiency, and profitability throughout the year.
[bookmark: _Toc233981340]Preliminary conclusions on greenhouse technologies
As highlighted in the MCA and the companion CBA, earth-sheltered passive solar greenhouses offer the best combination of performance, resilience and affordability under Mongolia’s harsh conditions. This finding is consistent with experience gained in similar climatically disadvantaged regions in northern China and Central Asian countries over the last 30 years. They are well suited to smallholder farmers and larger communities with access to a market for the additional produce. Ultimately, the market determines demand and thus the viability of greenhouse farming. If market conditions are not optimal, combination of greenhouse deployment with reforestation initiatives such as the 'Billion Tree’ movement can provide farmers with an additional, complementary income stream.

Two qualifications follow. First, low-cost films and mulching systems are relevant, but as a complement to the passive-solar greenhouse - as another form of 'seasonal extension technique' to extend the growing season as much as possible rather than as the sole form of support. The goal should be to achieve two harvests. Second, expensive greenhouse types (Venlo, fully automated) are not recommended because the investment costs are far too high at over US$50,000 for 300 m², the market to absorb their output does not exist in the project provinces, and these types of greenhouses are geared towards commercial agribusiness SMEs. They are not suitable for small-scale household farming.
[bookmark: _Ref227589427][bookmark: _Toc233981341]Irrigation technology
[bookmark: _Toc233981342]Irrigation systems assessed
Irrigation is the principal lever for water efficiency, yield stability and climate resilience in both target provinces. Five irrigation systems were assessed, covering the full efficiency spectrum relevant to smallholder vegetable production. For each option, the description states what the system is, how it works, its main advantages and its main constraints in the target provinces (see Table 46 for summary).

1. Traditional surface irrigation (flood / furrow / basin)
What it is: water distribution by gravity across the soil surface using basins, furrows or border strips.
How it works: water flows from a canal or gravity-fed source across a graded surface and infiltrates into the root zone.
Advantages: very low capital cost; no pressurisation or energy; traditional knowledge widely available.
Constraints: water efficiency only 25–40 %; very high evaporation in arid windy conditions (Dundgovi); uneven root-zone distribution; salinisation and waterlogging risks; no insurability advantage; materially incompatible with the water-scarcity objectives of the project.
2. Sprinkler irrigation
What it is: pressurised system that applies water through rotating or fixed sprinkler heads, simulating rainfall.
How it works: pumped water is delivered via main and lateral pipes to sprinklers that spray over the crop canopy. There exists as well a micro sprinkler system, operated like drip irrigation by help of gravity.
Advantages: moderate water efficiency (60–75 %); can be used for frost protection; tolerant of uneven terrain.
Constraints: high wind-drift and evaporation losses under Mongolian conditions; wets foliage, raising disease risk inside greenhouses; requires continuous pressurised supply; moderate insurability.
3. Drip irrigation — gravity-fed
What it is: low-pressure drip system in which water is delivered directly to the root zone through inline emitters, powered by an elevated header tank rather than by a pump.
How it works: a raised tank (2–10 m head) provides enough pressure to drive pressure-compensating or turbulent-flow emitters delivering 1–4 L/h per dripper.
Advantages: high water efficiency (85–90 %); no electricity; mechanically simple; long lifespan with good filtration; good insurability; well matched to shallow-well Uvurkhangai  sites where a header tank is physically feasible.
Constraints: requires elevation for gravity head; filtration is mandatory to prevent emitter clogging; some initial investment in tank and infrastructure; limited dynamic pressure range.
4. Drip irrigation — solar-powered
What it is: drip irrigation coupled with a photovoltaic-powered pump drawing from a well or borehole into a pressurised distribution network, with or without battery or tank buffering.
How it works: a PV array (sized for 7–8 effective pumping hours per day, not total daylight) powers a DC or AC-inverter pump. In Uvurkhangai, direct-coupled (no battery) configurations are usually adequate; in Dundgovi, LiFePO₄ battery storage (10–15 kWh) is mandatory to match the deeper well and lower insolation consistency.
Advantages: highest water efficiency among pumped systems (90–95 %); zero fuel cost; modular and scalable; excellent insurability (assets are visible, fixed, and valuable); fully compatible with both greenhouse and open-field plots; aligns with the project’s energy-source MCA (solar PV ranked 1st).
Constraints: capital cost USD 1,500–3,000 for shallow-well Uvurkhangai and USD 5,500–12,000 for deep-borehole Dundgovi (including battery); requires correct hydraulic and solar sizing; theft risk of PV modules requires perimeter security.
5. Subsurface drip irrigation (SDI)
What it is: drip laterals buried 10–40 cm below the soil surface delivering water directly to the root zone.
How it works: buried emitters release water directly into the root zone, eliminating surface wetting, evaporation and weed germination.
Advantages: highest water efficiency (95–98 %); minimal evaporation; strong weed suppression; compatible with solar pumping.
Constraints: very high capital cost; root-intrusion and clogging risks are hard to diagnose when buried; poor fit with smallholder vegetable rotations (annual bed turnover damages laterals); not prioritised.

Table 35. Summary of irrigation technology options
	Method
	Efficiency
	Capital Cost
	Water Saving
	Technical Req.
	Insurability

	Traditional Surface
	25–40%
	Low
	Baseline
	None
	None

	Sprinkler
	60–75%
	Medium
	2× surface
	Moderate
	Moderate

	Drip (Gravity-Fed)
	85–90%
	Medium
	3× surface
	Low-Mod
	Good

	Drip (Solar-Powered)
	90–95%
	High
	3–4× surface
	Moderate
	Excellent

	Subsurface Drip
	95–98%
	Very High
	4× surface
	High
	Good

	Source: OIKO elaboration based on CTCN field mission observations, national irrigation expert inputs, and groundwater conditions reviewed in Section



[bookmark: _Toc233981343]Multi-criteria analysis
The five irrigation systems were scored against five criteria. The same criteria and weights - apply to both target provinces. Province differentiation is handled through the engineered configuration of the same core technology — for example battery-buffered solar pumping in Dundgovi versus direct-coupled or gravity-fed systems in Uvurkhangai — rather than through different technologies or re-weighting of criteria. Water efficiency measures irrigation water per kilogram of marketable yield (a productivity metric), and is weighted most heavily because water is the binding constraint; affordability, technical simplicity, insurability/finance compatibility and scalability complete the set.



Table 36. Irrigation MCA - definitions and weights of the assessment criteria
	Criterion
	Description 
	Weight
	Justification (rationale for weighting)

	Water Efficiency
	Application efficiency: useful water reaching the root zone divided by water withdrawn from source.
	0.30
	Highest weight in this category — water is the single most binding resource constraint, more than for greenhouses where structural choice also drives selection.

	Affordability
	Capital intensity per ha (or per smallholder plot) including pump, panels, controller, filter, mainline and drip lines, judged against the value-for-money for smallholder context.
	0.20
	Solar drip is 3–4× the cost of surface irrigation; affordability matters but is not allowed to override water efficiency.

	Technical Simplicity
	Smallholder operability: filter cleaning, line flushing, pump O&M, absence of imported electronics.
	0.20
	Equal weight to affordability: a 90 % efficient system that fails in season two adds zero adaptation value. Reflects the rural service gap in target soums.

	Insurability
	Asset traceability and standardisability for the digital insurance prototype: visible, fixed, valuable, with quantifiable application records.
	0.15
	Higher weight than in the greenhouse MCA because solar irrigation hardware is theft-prone and directly tied to Output 3 prototype use-cases.

	Environmental
	Energy-source emissions, soil salinisation risk, return-flow management, biodiversity impact.
	0.15
	Aligns with the EbA principle. Solar drip and subsurface score equally on this criterion, which prevents environmental from dominating the selection.

	TOTAL
	
	1.00
	


Scoring logic: The common 1-to-5 scale (1 = very low … 5 = very high) is applied. The principal indicator anchoring the scale in this section is application efficiency (%), supplemented by capital-cost multiples, operability and asset-traceability anchors. Half-point intermediate scores reflect interpolation between two anchors.
Result: Drip irrigation clearly dominates. The solar-powered drip irrigation system scores highest (4.30/5.00) due to 90–95% water efficiency, strong insurability, and zero fuel costs. The second-best option is gravity-fed drip irrigation with a score of 4.23.
Table 37. Irrigation MCA – weighted scores
	Criterion
	Surface
	Sprinkler
	Drip gravity
	Drip solar
	Subsurface

	Water Efficiency (0.30)
	1.5
	3.0
	4.5
	5.0
	5.0

	Affordability (0.20)
	5.0
	3.5
	4.0
	3.0
	2.0

	Technical Simplicity (0.20)
	5.0
	3.5
	4.0
	3.5
	2.5

	Insurability (0.15)
	1.0
	3.0
	4.0
	5.0
	4.0

	Environmental (0.15)
	1.5
	3.0
	4.5
	5.0
	5.0

	WEIGHTED SCORE
	2.83
	3.20
	4.23
	4.30
	3.75


[bookmark: _Toc233981344]Province-specific ranking and recommended specifications
Irrigation infrastructure requirements differ fundamentally between the two provinces due to groundwater depth. Uvurkhangai depends on shallow wells (5–25 m) with relatively secure recharge; Dundgovi depends on deep boreholes (50–150 m) in a semi-desert Gobi context where water is scarce and over-abstraction is a documented risk. The correct irrigation choice is therefore not only a question of efficiency but also of groundwater stewardship.



Table 38. Uvurkhangai (shallow wells 5–25 m)
	Configuration
	MCA Score
	Rank
	Capital Cost
	Recommendation

	Direct solar (no battery)
	4.55
	1st
	USD 1,500–3,000
	Primary — sufficient

	Solar + small buffer (2–5 kWh)
	4.10
	2nd
	USD 3,000–5,500
	Optional upgrade



Table 39. Dundgovi (deep boreholes 50–150 m)
	Configuration
	MCA Score
	Rank
	Capital Cost
	Recommendation

	Solar + full battery (10–15 kWh)
	4.40
	1st
	USD 5,500–12,000
	Primary — essential

	Solar-diesel hybrid
	4.15
	2nd
	USD 6,000–10,000
	Backup option


Key technical note. Solar pump sizing must account for realistic effective solar hours (7–8 hours/day), not total daylight. Dundgovi’s deeper wells and harsher climate specifically require LiFePO₄ battery storage, distinguishing it from Uvurkhangai.
Recommended irrigation specifications: Drip irrigation is the clearly the primary option for both provinces. It is worth reiterating that greenhouses should no longer be built without drip irrigation: the added cost is modest, and the water and yield gains are decisive. Sprinkler, subsurface drip and traditional surface irrigation are not prioritised; they represent the baseline.
Differentiated by province, gravity-fed drip irrigation is the first choice at shallow-well Uvurkhangai sites where elevation allows and a header tank is feasible, particularly in cooperative or multi-farm configurations. Solar-powered drip irrigation (with battery storage) is the first choice for deep-borehole Dundgovi and for any site requiring pumped pressure. Vertical bifacial or solar panels tilted at an angle of 35–50 degrees and facing south, - along with the deep-well pump - form the core of a solar-powered system.
[bookmark: _Toc233981345]Agroforestry
[bookmark: _Toc233981346]Definition and relevance
Agroforestry has no single universal definition, but rather a converging body of institutional and scientific definitions. For FAO, “Agroforestry is a collective term for land-use systems and technologies where woody perennials are deliberately used on the same land-management units as agricultural crops and/or animals, in some form of spatial arrangement or temporal sequence.” From USDA, the definition is simpler as “Agroforestry is the intentional integration of trees and shrubs into crop and animal farming systems to create environmental, economic, and social benefits.” As a summary, we can say that Agroforestry can be defined as “an integrated land-use system combining trees, crops and/or livestock on the same land unit, designed to optimise ecological interactions and generate sustainable economic, environmental and social benefits”. [footnoteRef:13] [13:  FAO (2015). Agroforestry — Definitional framework. Food and Agriculture Organization of the United Nations, Rome, https://www.fao.org/forestry/agroforestry/80338/en/; USDA National Agroforestry Center (2019). What is Agroforestry? United States Department of Agriculture, https://www.fs.usda.gov/nac/.] 

Agroforestry systems in Mongolia remain limited, highly context-specific, and strongly constrained by aridity, particularly in southern provinces located at the interface between steppe and desert ecosystems. The following typology presents the main existing or emerging models.

Agroforestry represents a key ecosystem-based adaptation (EbA) strategy for strengthening the resilience of smallholder vegetable production systems in Mongolia. The integration of trees and shrubs within or around crop production areas can significantly reduce climate-related risks such as strong winds, soil erosion, water loss, and extreme temperature fluctuations.

In the context of the target provinces (Dundgovi and Uvurkhangai), agroforestry systems will primarily focus on shelterbelts, windbreaks, and tree buffers integrated with vegetable plots and greenhouse infrastructure. These systems contribute to the stabilization of the local microclimate by reducing wind velocity, increasing soil moisture retention, and protecting crops from sandstorms and frost events. Evidence from comparable dryland systems shows that well-designed shelterbelts can reduce wind speed by up to 40–60% and improve crop yields by protecting plants from mechanical damage and excessive evapotranspiration.

Agroforestry systems also contribute to soil restoration by improving organic matter content, enhancing soil structure, and increasing water infiltration. In addition, certain tree and shrub species can provide additional economic benefits for farmers through fruit, berries, fodder, or biomass production.
[bookmark: _Toc233981347]Selection of agroforestry models
Three agroforestry models were retained for the multi-criteria analysis (MCA) based on their relevance to the arid conditions that dominate both target provinces, existing practices in Mongolia or future potential, and compatibility with the integrated technology package approach:
I. Windbreak systems as the foundational resilience layer,
II. Oasis-based (horticulutre) agro-silvo systems integrating irrigation and greenhouse production,
III. Silvopastoral systems adapted to rangeland conditions (shrub-based).

Table 40. Agroforestry models selected
	
	Agroforestry Technology method
	Definition
	Relevance for target area
	Functions

	1
	Windbreaks / Shelterbelts
	Linear plantations of trees and shrubs designed to reduce wind speed and protect crops, soils, and infrastructures (greenhouse)


	Core adaptation measure in arid zones
Already implemented (Dundgovi: ~160 km; Uvurkhangai : ~105 km)
Suitable for smallholder vegetable system
Compatible with irrigation schemes

	Reduce wind erosion & limit evapotranspiration
Protect crops, topsoil & infrastructures
Improve livestock welfare & shelter
Microclimate regulation (T° /evapotranspiration)
Increase snow/water capture and soil moisture
Provide fuelwood, fodder, fruits/berries
Biodiversity corridors (pollinators & wildlife)

	2
	Oasis-based horticulture
(Agro-silvo systems in arid areas)

	Intensive agroforestry systems combining trees and horticulture in the same land, integrating irrigation system
	Already implemented under Greenbelt initiatives in southern Mongolia
Specifically suitable for arid areas (when water is available)

	Diversified food & wood production (crops, fruits, fodder, fire wood, timber)
Higher income generation for farmers & better productivity/m²
Efficient water use
Carbon sequestration

	3
	Silvopastoral system (Shrub-based rangeland)
	Systems combining mainly shrubs (+ few trees when condition allows) with livestock grazing areas, integrating woody vegetation into pasture systems. 

	Currently limited in Mongolia but conceptually relevant if adapted to low-density shrub systems
	Supplemental forage, especially with legume species
Soil stabilization and reduced overgrazing pressure
Livestock shelter (wind and heat stress reduction)

	Source: OIKO elaboration based on agroforestry expert inputs, CTCN field mission observations, provincial nursery and shelterbelt experience, and review of agroforestry practices relevant to arid and semi-arid Mongolian conditions


Riparian agroforestry and several other configurations were not pre-selected, as they are less applicable to the smallholder horticultural focus or to the target sites; they can be revisited in later phases (Box 1).



	Box 1. Agroforestry models / systems not pre-selected for the MCA analysis

	1. Riparian agroforestry 
These systems involves planting trees along rivers, streams, or irrigation channels to stabilize banks and regulate water systems. In Mongolia, there are no structured riparian planting systems currently identified, but a limited presence of small-scale fruit tree planting, and few localized nurseries. 
Riparian systems were excluded from the analysis due to their lack of relevance in the arid conditions of Dundgovi and Uvurkhangai , where permanent water bodies are extremely limited.
Furthermore, these systems are not designed for smallholder horticulture production, as their primary benefits are ecological rather than directly productive. 
Finally, riparian agroforestry systems are not yet established in Mongolia, increasing uncertainty in terms of technical feasibility and replication.
2. Hedgerows / field border
These models are linear strips of diverse shrubs & trees, established along field edges. They are designed as multifunctional ecological features, prioritizing species diversity and habitat value, rather than aerodynamic efficiency. 
Hedgerows were not included in this project because they are lower in height than windbreaks and therefore provide insufficient protection against wind for greenhouse systems, which is a critical requirement in the Southern Mongolian context. 
In addition, hedgerows typically require more intensive maintenance and higher long-term water inputs, making them less suitable under conditions of water scarcity.
However, to capture some of the ecological and productive benefits associated with hedgerows, the design will incorporate a diversity of useful and fruit-bearing shrubs and trees within the windbreak structure. This approach aims to combine functional protection with added biodiversity and productivity, while avoiding the main limitations of traditional hedgerow systems.



[bookmark: _Toc233981348]Multi-criteria analysis
The MCA aims to identify, evaluate, and prioritize agroforestry models that are technically feasible, climate-resilient, and economically viable for smallholder horticulture systems in southern Mongolia, with a specific focus on Dundgovi (arid/desert) and Uvurkhangai (semi-arid transition zone). The assessment is structured around four core objectives specified below.

Objective 1: Adaptation to arid and semi-arid conditions (identify agroforestry models that are ecologically adapted to extreme climatic constraints, including low precipitation, high evapotranspiration, strong winds, and soil degradation).
· Dundgovi (desert/arid zone), focus on wind erosion control, sand stabilization, protection of crops and infrastructure and selection of drought-resistant and salt-tolerant species (e.g., Caragana, Haloxylon, Tamarix)
· Uvurkhangai (semi-arid zone), enable more diversified systems: focus on wind erosion control, soil protection against erosion/rains, protection of crops and infrastructure (greenhouse) and greater potential for tree-crop & fruits tree integration under irrigation.
Objective 2: Compatibility with smallholder improved horticulture systems (ensure selected models are adapted to small-scale vegetable production systems, which are central to local livelihoods and food security.)
Model selection should be suitable to smallholder farmers with limited land, capital, and access to technology. Preference for modular and scalable systems, including integration of vegetable production systems (open-field + greenhouse), fruit trees and multipurpose shrubs. Furthermore, following a system integration approach, agroforestry models must support (i) diversification of crops (leafy greens, root vegetables, fruit crops), (ii) increased productivity per unit area and (iii) improved microclimate for sensitive crops.
Objective 3: Climate resilience and risk reduction (enhance the resilience of farming systems to climate variability, extreme events, and long-term environmental degradation.
Irrigation systems - solar-powered micro-irrigation (drip systems) should be introduced and configured for optimised water use, reduced dependency on diesel or unreliable energy, and increased efficiency under water scarcity;
Greenhouse systems - Deployment of climate-resilient greenhouses (solar passive types) for extension of the growing season (beyond 90–120 days), protection against frost, wind, and dust storms, and increased crop diversity.
Agroforestry functions include wind protection (windbreaks), soil stabilization and moisture retention, and microclimate regulation
Risk management mechanisms include development of agricultural insurance schemes for coverage against drought, extreme weather, crop failure, reduction of financial vulnerability and enabling investment in improved systems.
Objective 4- Economic viability and livelihood impact (identify agroforestry models that are financially sustainable and capable of improving smallholder incomes.)
Operational considerations include evaluation of initial investment costs (trees, irrigation, greenhouse infrastructure), operation and maintenance costs, and payback period (short vs long-term benefits), whereas income diversification pathways target vegetable production for short-term, fruit production in the medium-term and fuelwood / biomass for long-term incomes. 
The combination of agroforestry + irrigation + greenhouse creates synergies that enhance profitability, by increasing productivity, stabilizing yields and extending market supply periods.

Rationale for criteria selection: The selection of MCA criteria is based on a combination of:
Project objectives (climate resilience, productivity, and farmer adoption)
Biophysical constraints of the target area (arid conditions, water scarcity, soil degradation)
Insights from project documents and stakeholder consultations, and
Ecosystem-based Adaptation (EbA) principles, which emphasize multi-functional benefits
Given the context of Dundgovi and Uvurkhangai, where water scarcity and climate variability are the dominant constraints, the criteria were designed to capture both short-term feasibility and adoption potential and long-term resilience and ecosystem benefits. The final set of criteria reflects a balance between environmental performance, economic viability, and implementation practicality. 
Table 41 Definitions and weights of the criteria used in the agroforestry MCA
	Criterion
	Description
	Weight
	Justification
	Weight Derivation Explanation

	Water efficiency
	Ability to reduce water demand and improve retention
	0.20
	Critical limiting factor in arid systems
	Assigned highest weight due to water being the primary limiting factor in Dundgovi and Uvurkhangai. In arid systems, productivity and survival are directly constrained by water availability, making this criterion a top priority in decision-making.

	Climate resilience
	Resistance to drought, wind, temperature extremes
	0.20
	Determines survival of systems
	Weighted equally to water efficiency as climate extremes (drought, wind, dzud) are the main drivers of crop and system failure. Ensures prioritization of systems capable of withstanding extreme climatic variability.

	Soil restoration
	Contribution to soil fertility and erosion control
	0.15
	Key for long-term sustainability
	Slightly lower weight reflects its importance for long-term system performance rather than immediate survival. Soil improvement is critical but acts progressively over time.

	Economic potential
	Income generation (short + long term)
	0.15
	Ensures adoption by farmers
	Weighted to reflect the necessity of farmer adoption and financial viability. While essential, it is balanced against environmental constraints that condition system feasibility.

	Technical feasibility
	Ease of implementation and maintenance
	0.10
	Reflects implementation constraints
	Moderate weight assigned as technical complexity can limit adoption, but can be mitigated through training and support programs.

	Time to benefit
	Speed of returns (short vs long-term)
	0.10
	Important due to delayed AF returns
	Included to capture adoption barriers linked to delayed benefits of agroforestry. However, given the long-term nature of EbA, this criterion is not dominant.

	Scalability
	Potential for replication and scaling
	0.10
	Needed for national replication
	Lower weight reflects that scalability is important at program level but secondary to system performance at farm level.

	TOTAL
	 
	1.00
	 
	




Result. The top ranked agroforestry models include the agro-silvo model (oasis agroforestry) and windbreaks/shelterbelt model.Box 2. Scoring logic
Each agroforestry model is evaluated using a semi-quantitative scoring system from 1 to 5, (1 = Very low performance 2 = Low performance 3 = Moderate performance 4 = High performance 5 = Very high performance), whereas to improve transparency and consistency, anchor values (1–3–5) are defined for each criterion, allowing intermediate scores (2 and 4) to be assigned where appropriate. The final score is calculated using a weighted linear combination: Final Score = Σ (Score × Weight). Irrigation system & greenhouse development were taken in consideration for the score of each agroforestry model.
Scoring guidance for each criterion is provided below:

Water efficiency (weight: 0.20) expresses the ability of the system to reduce water demand and improve water retention. The anchor values for scoring are interpreted as 1 = No impact on water use; high water demand; 3 = Moderate improvement (partial moisture retention, limited efficiency gains); and 5 = Strong improvement (significant water savings, enhanced soil moisture retention, reduced evaporation).
Climate resilience (weight: 0.20) expresses the capacity to withstand drought, wind, and extreme temperatures. The interpretations of the anchor value are 1 = Limited resilience contribution; 3 = Moderate resilience gains (partial protection from climate stressors) and 5 = Strong resilience contribution (significant buffering against wind, drought, and temperature extremes) 
Soil restoration (weight: 0.15) expresses contribution to soil fertility, structure, and erosion control. The interpretations of the anchor value are 1 = No improvement in soil condition; 3 = Moderate improvement (some erosion control or organic matter increase); 5 = Strong improvement (significant soil stabilization, fertility enhancement, and erosion reduction).
Economic potential (weight: 0.15) expressed the capacity to generate income (short- and long-term). The interpretations of the anchor value are 1 = No or very limited income generation; 3 = Moderate income potential (indirect or delayed returns) and 5 = Diversified income generation (multiple revenue streams).
Technical feasibility (weight: 0.10) expresses ease of implementation, maintenance, and required expertise. The interpretations of the anchor value are 1 = Complex, high technical requirements, low local feasibility; 3 = Moderate complexity, requires some training/support and 5 = Simple to implement, compatible with local practices and capacities.
Time to benefit (weight: 0.10) expresses the speed at which benefits are realized. The interpretations of the anchor value are 1 = Long-term benefits only (>5 years); 3 = Medium-term benefits (2–5 years) and 5 = Short-term benefits (<2 years).
Scalability (weight: 0.10) expresses the potential for replication and scaling across regions. The interpretations of the anchor value are 1 = Difficult to replicate (high cost or constraints); 3 = Moderate scalability (context-dependent) and 5 = High scalability (easily replicable across similar environments).


Table 42. Agroforestry MCA – weighted scores
	Model
	Water
	Climate
	Soil
	Economic
	Technical
	Time
	Scale
	Weighted Score

	Windbreaks/shelterbelts
	5
	5
	4
	3
	4
	3
	5
	4.25

	Agro-silvo (oasis agroforestry)
	5
	5
	4
	5
	3
	4
	3
	4.35

	Silvopastoral 
	3
	3
	4
	4
	3
	3
	3
	3.30

	Riparian
	3
	3
	3
	2
	3
	3
	1
	2.65


 
The MCA results highlight two complementary agroforestry development pathways for southern Mongolia, reflecting the balance between scalability and system performance.

Model 1. Agro-Silvo (oasis agroforestry) – weighted score: 4.35
The Agro-silvo system achieves the highest score, reflecting its role as a high-performance integrated system. In this system, the use of drip irrigation combined with tree cover maximizes water-use efficiency and reduces evaporation. The combination of trees (wind buffering) and greenhouses (controlled environment) provides strong protection against climate variability. The agro-silvo system is the most economically productive system, combining greenhouse and/or open-field vegetable production, and tree-based outputs such as fruit, biomass, fodder. Greenhouse production allows short-term returns, unlike traditional agroforestry systems. The downsides of this model include extensive requirement of irrigation infrastructure, and technical knowledge, as well as limited scalability depending water availability, investment costs, technical capacity and climate constraints (much more complicated for Dundgovi for instance). In conclusion, this model represents a “high-input, high-output system”, best suited for pilot areas, peri-urban zones and supported projects. It delivers the highest performance, but is less easily scalable.

Model 2: Windbreaks / Shelterbelts – weighted score: 4.25
Windbreak systems achieve a very high overall score, confirming their role as the most robust and scalable baseline solution for southern Mongolia. Benefits are mostly indirect (yield stabilization, risk reduction), with limited direct income generation, except when integrating fruit (berry) trees/shrubs and/or more valuable timber tree species when possible. In terms of water efficiency, windbreaks significantly reduce evapotranspiration and improve soil moisture retention. When combined with drip irrigation in adjacent fields, they further enhance water-use efficiency by protecting crops from desiccation. For climate resilience, these systems provide strong protection against wind, which is a dominant stress factor in the region, improving both open-field and greenhouse performance. By reducing wind erosion windbreak systems, they contribute to soil protection, and help stabilize topsoil, limit nutrient loss, and promote gradual improvements in soil structure and organic matter over time. Already widely implemented, windbreaks/shelterbelts can be deployed across large areas with relatively low complexity. The systems are relatively simple to design and implement, thus accessible and manageable for smallholders with limited technical capacity. They require basic knowledge of species selection, spacing, and alignment with prevailing winds, but do not involve complex infrastructure or high technical dependency. Windbreaks and shelterbelts are thus the most reliable large-scale EbA solution, particularly suited to protect both open-field crops and greenhouse systems, but they are not a primary income-generating system.

The results demonstrate that while windbreak systems provide the most scalable and robust adaptation measure under arid conditions, integrated agroforestry systems combining drip irrigation and greenhouse production achieve the highest overall performance in terms of productivity, water efficiency, and climate resilience. A combined approach, integrating both systems, offers the most effective strategy for sustainable agricultural development in southern Mongolia.

An additional agroforestry model that is feasible in rural Mongolia is the silvopastoral system, which achieved a moderate weighted score of 3.30 in MCA. They improve rangeland condition and soil fertility (aided by livestock manure) and raise livestock productivity through better fodder and reduced climate losses, but their benefits are largely indirect for specialised horticulture and depend on adapting grazing practices. 
[bookmark: _Toc233981349]Province-specific application and species recommended
Across both provinces, agroforestry development is constrained by arid climate (100–250 mm annual rainfall), poor and often alkaline soils, high evapotranspiration and strong winds, ongoing desertification and land degradation and limited water infrastructure and irrigation capacity.

Agroforestry systems remain largely protective rather than fully productive at scale. At this stage, the MCA scoring is not quantitatively differentiated between Dundgovi and Uvurkhangai, however, a qualitative differentiation can be introduced based on local conditions. In other words, the two provinces should apply the same models with different emphasis. Dundgovi should prioritise windbreaks and shelterbelts for their protective and resilience functions; the harsher aridity and water scarcity make agro-silvo systems difficult and, for now, secondary. Uvurkhangai, with better soils, water and irrigation potential, can begin with windbreaks and evolve toward more productive, diversified, income-generating agro-silvo (oasis-based) systems, while continuing to use shelterbelts as the protective backbone. In addition, windbreak/shelterbelts could be implemented in the field border of plots.

Species selection favours hardy, drought-tolerant, multipurpose trees and shrubs. Additional selection criteria include local adaptability and economic value. Importantly — and following the recommendation to accelerate farmer income — shelterbelts around vegetable fields should deliberately incorporate fruiting berry shrubs, which return income to farmers far sooner than timber trees. Sea buckthorn (Hippophae rhamnoides) is especially suitable: it is already widely grown in Mongolia, nitrogen-fixing, drought- and cold-hardy, and yields a high-value berry with food and medicinal markets; honeyberry (Lonicera caerulea) and blackcurrant (Ribes spp.) are further options where water allows. A multi-layer shelterbelt design combines an outer wind-bearing row of tall trees (Populus, Ulmus) with a middle layer of shrubs (Caragana, sea buckthorn) and, on irrigated sites, an inner layer of fruit trees.

Table 43. Recommended tree and shrub species
	Species
	Type
	Functions
	Justification

	Caragana microphylla
	Shrub (legume)
	Nitrogen fixation, fodder, windbreak
	Highly drought-resistant, improves soil fertility

	Haloxylon Ammodendron (Saxaul)
	Shrub/tree
	Desert stabilization, fuelwood
	Critical for desert ecosystems

	Ulmus pumila (Siberian elm)
	Tree
	Shelterbelt, fodder
	Extremely drought tolerant

	Elaeagnus Angustifolia (Russian olive)
	Shrub
	Nitrogen fixation, fruit
	Multi-purpose, hardy, drought-resistant

	Populus spp. (Poplar)
	Tree
	Windbreak, timber, fuelwood
	Fast-growing, widely used historically

	Tamarix spp.
	Tree
	Timber, fuelwood
	Saline soil, drought-resistant

	Salix spp. (Willow)
	Tree
	Biomass, soil stabilization
	Useful in irrigated zones

	Hippophae rhamnoides (Sea buckthorn)
	Shrub
	Fruit (food/medicinal), N-fixation, windbreak
	Fast income; widely grown; very hardy

	Malus spp. (Apple)
	Tree
	Fruit production
	Suitable in irrigated micro-systems

	Prunus padus (Bird cherry)
	Tree
	Fruit, biodiversity, windbreak
	Hardy tree, supports ecosystem services, niche processing products

	Lonicera caerulea (Honeyberry / Haskap)
	Shrub
	Fruit production
	Early harvest, high-value berries, excellent cold resistance

	Ribes nigrum (Blackcurrant)
	Shrub
	Fruit production, processing
	High yields, strong market demand, suitable for juice and processing


[bookmark: _Toc233981350]Preliminary conclusions on agroforestry
Agroforestry development in southern Mongolia should not rely on a single model, but rather on a layered and integrated approach with windbreak systems as a foundational layer and agro-silvo systems as a productivity layer. Windbreaks and shelterbelts are the most scalable and robust adaptation measure and a precondition for the other technologies in both provinces — and their value is substantially raised when they incorporate fast-yielding berry shrubs led by sea buckthorn. Agro-silvo systems are the highest-value model and a tangible objective for Uvurkhangai and for supported pilots, subject to water and capacity. Both windbreaks and agro-silvo proceed to the integrated packages in Chapter 8.

Agroforestry models should systematically integrate water management (drip irrigation), greenhouse technologies, and risk mitigation mechanisms to ensure long-term sustainability in horticulture-based production systems.

For both provinces, a layered agroforestry system with windbreaks (Populus, Ulmus) in the outer layer, shrubs (Caragana, sea buckthorn) in the middle layer, and crops/vegetables in the inner layer is recommended. This structure maximizes wind protection, soil fertility and economic diversification.

Future agroforestry development should prioritize selection of drought-resilient species, integration with efficient irrigation systems (drip irrigation), expansion of greenhouse-based production systems, transition toward multi-functional agro-silvo-pastoral systems, strengthening of technical capacity and extension services, and integration of financial risk management tools (e.g. agricultural insurance). This integrated approach ensures that selected solutions are (i) biophysically adapted to arid environments, (ii) technically feasible within local constraints, (iii) economically viable for farmers, and (iv) scalable under development programs.
[bookmark: _Toc233981351]Renewable energy
Energy is treated in this assessment as an enabling layer rather than as a standalone technology. It conditions the feasibility of every greenhouse and irrigation option: pumping depth, overnight heat load, greenhouse ventilation and monitoring all depend on a reliable, affordable and clean energy source. Consistent with the project’s ecosystem-based approach, the assessment concentrates on renewable options and, in particular, on solar, which is by far the best-matched source for both provinces.
[bookmark: _Toc233981352]Solar photovoltaics and system configuration
Solar photovoltaic (PV) modules convert sunlight directly into DC electricity, feeding pumps, lighting, ventilation and — through an inverter and, where needed, a battery — auxiliary loads. Sizing is based on 7–8 effective peak-sun hours per day rather than total daylight. Solar PV matches Mongolia’s 2,600–2,800 sunshine hours a year exceptionally well, has zero fuel cost and low maintenance, scales modularly from a few hundred watts to tens of kilowatts, and offers the strongest insurability of any rural energy option. Its main constraint is intermittency: battery storage (LiFePO₄ preferred) is required for continuous operation in Dundgovi, whereas direct-coupled operation is usually adequate in Uvurkhangai; winter output is lower than summer but broadly matches the seasonal demand profile.

The main options for application of the PV technology in Mongolian agriculture include solar-powered irrigation and solar thermal heating of greenhouses. These options are briefly explained below.

Solar-powered irrigation is a viable solution for agricultural irrigation. They enable water to be drawn from deep wells, rivers, or canals and distributed to the areas requiring irrigation. In economically disadvantaged regions, solar-powered agricultural pump systems provide a suitable method for irrigating crops while reducing operating costs (electricity, fuel). This solution offers the opportunity to meet energy needs for water pumping in a decentralised and environmentally friendly manner. In fact, energy-efficient and affordable solar water pumps have the potential to improve the lives of many of smallholder farmers. Solar-powered irrigation systems can play an important role in supporting the establishment of agroforestry systems in dryland environments. During the first years of tree growth, supplemental irrigation may be required to ensure adequate survival rates. The integration of agroforestry with renewable-energy-based irrigation therefore creates a synergistic adaptation strategy, improving both water-use efficiency and ecosystem resilience.

Heating the greenhouse with solar heat (solar thermal heating): A solar-powered greenhouse heater is basically nothing more than an electric greenhouse heater. Only solar modules are added. A simple variant of solar thermal heating is offered by so-called solar tubes or solar fences made of tubes: Black hoses are filled with water and distributed on the ground in the greenhouse. Like the technically more sophisticated collectors of a solar thermal system on the roof of a greenhouse or a free-standing system, the water-filled tubes absorb the solar heat and transfer it to the greenhouse interior with a time lag.
The following two module configurations are relevant for the project:
1. Tilted solar modules are typically oriented towards the south at an angle of approximately 30 to 45 degrees; they are the default for pumping and optimal for maximizing yield around midday;
2. Vertical bifacial (double-sided) solar modules are installed facing east and west. They do not produce an extreme power peak during the midday sun; instead, they generate significantly more electricity during the morning and evening hours. Snow and dirt hardly accumulate on the vertical surface, and the modules can serve as a windbreak to a certain extent.



Figure 13. Vertical bifacial (on both sides) solar panel. (Source: Expert contribution to the CTCN Mongolia feasibility study, 2026)
Figure 12. Tilted solar panel. (Source: Expert contribution to the CTCN Mongolia feasibility study, 2026)
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Vertical solar panels offer static advantages over inclined solar panels in hurricane-force winds due to their upright design:
No lift; the vertical orientation causes the wind to act differently, preventing dangerous suction forces that could lift the panel off the ground;
Small surface area; the wind tends to flow around the surface;
Standards and stability: High-quality solar panels and mounting systems must withstand wind speeds exceeding 120 km/h (hurricane force) according to standards from Japan and Germany;
No exposed parts: Flying branches, roof tiles, or other debris pose the greatest risk to the plastic film/glass during hurricanes.
[bookmark: _Toc233981353]Overview of alternative renewable energy sources
Biogas is produced through anaerobic digestion of livestock manure or other organic waste in a sealed digester. Methanogenic bacteria decompose organic matter in the absence of oxygen at 25–40 °C; the resulting gas (50–70 % CH₄) is stored and combusted or fed to a generator. The methane-rich biogas is used for cooking, heating or electricity. The by-product of biogas production is a nutrient-rich digestate that is usable as fertilizer. 
Considering the livestock population in Mongolia and growing demand for milk production, technologies that help treating animal waste and converting animal waste into renewable energy have substantial scope for development and implementation, and biogas technology is one of them. One of the major advantages in using biogas technology for treating animal waste is that it is relatively simple to develop, easily scalable, and produces a source of energy, and demand for energy in Mongolia is consistently increasing. Anyone who operates a Combined Heat and Power (CHP) Station in combination with the biogas plant can also produce electricity and heat from the liquid manure.

However, biogas production in Mongolia will face serious climate-related constraints. In addition to limited installer and maintenance ecosystem, Mongolia’s 8–9-month cold season requires insulated or heated digesters, which in turn require high capital cost per m³ of gas since performance falls sharply at temperatures below 15°C.

Wind energy has been used since ancient times to move ships, and for hundreds of years to pump water or grind grain into flour, now it is usually changed into electricity using wind turbines. Most modern wind power is generated in the form of electricity by converting the rotation of a turbine blades into electrical current by means of an electrical generator. However – similar to biogas production – rural areas in Mongolia lack installer and maintenance services and the initial investment in wind turbines and maintenance costs are relatively high, thus nor affordable by the majority of Mongolian farmers.

Geothermal energy (heat pumps): A heat pump is a heating system that uses geothermal energy or environmental heat from the air or groundwater as renewable energy. For their own operation, heat pumps use a second energy source: either electricity or gas. In principle, the heat pump works like a refrigerator, only the other way around: It draws the heat from the soil around a building and releases it back into the building. Earth collectors made of synthetic material, laid in several circles at a depth of 1.50 m and more, utilise the heat of 10° and 16°C. Various technologies are used to get to the heat under the earth’s surface at different depths. Coefficient of performance (COP) is typically 3–4, meaning 3–4 kWh of heat are delivered per 1 kWh of electricity consumed. Advantages of heat pumps include a high end-use efficiency; low GHG emissions if electricity is renewable; and reliability and quietness. Wide use of these pumps, however, is constrained by very high capital cost; requirement for deep wells or extensive ground loops; dependency on a reliable electricity supply, and limited domestic technical capacity.
In conclusion, the alternative renewable energy sources are not feasible and/or economically viable at smallholder scale in the target aimags. On the contrary, biogas, wind and geothermal energy sources are retained for possible later elaboration but are not considered as priorities for small-scale vegetable farming. Justification of the project’s focus on application of solar energy in smallholder vegetable farming is further examined through the MCA in the next section.
[bookmark: _Toc233981354]Multi-criteria analysis
The four renewable energy options described above are assessed against five criteria used in the technology assessments, although energy is treated as an enabling layer rather than as a standalone technology. Insurability is not used as a differentiating criterion here: index-based insurance can in principle cover assets under any energy source, so it does not meaningfully separate the options. The differentiating factors are cost, reliability, environmental performance, technical simplicity and real rural availability. As with irrigation, the same criteria weights apply to both provinces; differentiation is handled through configuration (battery storage in Dundgovi, no battery in Uvurkhangai).

Affordability receives the highest weight (0.35) because energy is the largest recurrent cost in any solar-pumping package. Reliability and environmental are tied at 0.20 because they are the two non-negotiable constraints (an unreliable system cannot serve agronomic load; high-emission options conflict with the EbA mandate). Technical simplicity is 0.15 because rural service capacity is limited. Rural availability is 0.10 because it is an enabling cross-output consideration rather than primary selection driver.

Table 44. Renewable energy MCA - definitions and weights of the assessment criteria
	Criterion
	Description 
	Weight
	Justification (rationale for weighting)

	Affordability
	Levelised cost of useful energy delivered (LCOE) for irrigation pumping and greenhouse load profiles, including capital, fuel and O&M.
	0.35
	Highest weight: energy is the largest recurrent cost in solar irrigation packages and the largest barrier for smallholder adoption.

	Reliability
	Capacity to deliver energy when the agronomic load requires it (pumping during May–September; greenhouse ventilation Feb–Nov).
	0.20
	If energy fails during the irrigation window, the entire technology package fails.

	Environmental
	GHG and local-air emissions, broader EbA compatibility.
	0.20
	EbA mandate of the project; coal and diesel are explicitly identified in the report as maladaptation risks.

	Technical simplicity
	O&M complexity and reliance on imported parts or specialist technicians.
	0.15
	Smallholder service capacity is limited; failures must be diagnosable locally.

	Rural availability
	Real availability of fuel, fuel logistics, or grid access in target soums of Uvurkhangai and Dundgovi.
	0.10
	Reflects empirical access constraint in target soums; provides a realistic check against urban / lab-derived rankings.

	TOTAL
	
	1.00
	


Scoring logic: Each option is scored from 1 (very low) to 5 (very high). Weighted Score Formula: Final Score = Σ (Score × Weight). Several distinct indicator types are used depending on criterion: USD/kWh for affordability, digester operating temperature and seasonal capacity factor for reliability, kg CO₂-eq/MWh for environmental, and a binary specialist-vs-local indicator for technical simplicity.
Result: Solar PV scores highest (4.23/5.00) by a significant margin and is the primary energy source for both provinces’ technology packages. LiFePO₄ battery storage is mandatory in Dundgovi (deep boreholes, harsher climate) and optional in Uvurkhangai (shallow wells, direct-coupled solar often adequate). Biogas is carried to later consideration, subject to cold-climate digester design and adequate livestock-waste supply; wind and geothermal are not smallholder-scale priorities currently but may be revisited for specific cooperative or institutional installations. Solar PV therefore underpins both the solar-drip irrigation and the passive-solar greenhouse components carried into the integrated packages in Chapter 8. 

Table 45. Renewable energy MCA - weighted scores
	Criterion
	Solar PV
	Biogas
	Wind
	Geothermal

	Affordability (0.35)
	3.5
	3.0
	2.5
	2.0

	Reliability (0.20)
	4.5
	2.5
	3.0
	4.5

	Environmental (0.20)
	5.0
	4.5
	5.0
	5.0

	Technical Simplicity (0.15)
	4.0
	2.5
	2.5
	2.0

	Rural Availability (0.10)
	5.0
	3.0
	4.0
	2.0

	WEIGHTED SCORE
	4.23
	3.13
	3.25
	3.10



[bookmark: _Toc233981355]Comparative screening and technology shortlisting
Comparative screening is based on the MCA results and proceeds in two stages. In stage 1, comparative scoring ranks the options within each technology category on the common weighted 1–5 matrix, identifying the performance leaders and exposing the laggards, and makes the trade-offs between productivity, resilience and feasibility explicit. Stage 2 (strategic filtering) then tests the highest-scoring options against deployment realities including alignment with smallholder horticulture and integration potential with irrigation, greenhouses and insurance systems; feasibility under extreme aridity; and scalability under institutional and financial constraints. The shortlist produced after stage 2 reflects not only what performs best on paper but what is implementable at scale in the two provinces. 
[bookmark: _Toc233981356]Summary of comparative screening 
The same principle used throughout the report applies here: options are judged not only on technical performance but on their system-level contribution to climate resilience and livelihoods, against the binding constraints of the target context — severe water scarcity, high climate variability (wind, drought, temperature extremes), soil degradation and desertification, and the limited financial and technical capacity of smallholders.
Table 41 consolidates the outcome of comparative screening. The shortlisted technologies represent complementary functional roles rather than competing alternatives.

Table 46. Comparative screening summary
	Technology category
	Leading option (MCA score)
	Principal role
	Screening decision

	Greenhouse
	Earth-sheltered passive solar (4.25)
	Season extension, climate protection, yield gain
	Shortlisted — primary productive asset

	Irrigation
	Solar-powered drip (4.30); gravity-fed drip (4.23)
	Water efficiency and pressurised supply
	Shortlisted — enabling, paired with greenhouse and field

	Agroforestry
	Windbreaks / shelterbelts (4.25); agro-silvo (4.35)
	Wind protection and resilience; higher-value integration
	Both shortlisted — windbreaks foundational, agro-silvo second

	Renewable energy
	Solar PV (4.23)
	Enabling layer for pumping, ventilation, monitoring
	Shortlisted — primary energy source

	Source: OIKO elaboration based on the MCA results


[bookmark: _Toc233981357]Shortlisted technologies
The shortlist that survives both screening stages combines two complementary agroforestry priorities (windbreaks and agro-silvo system) with their enabling technologies (passive-solar greenhouse, solar and gravity-fed drip irrigation, solar PV). This shortlist is what the next chapter assembles into integrated, province-specific packages and what the CBA evaluates. The technologies are briefly explained below.
The earth-sheltered passive-solar greenhouse (weighted MCA score = 4.25) is the pivotal productive asset. Its strengths include high output per square metre, near-zero heating cost and strong resilience. With simple supplementary heating, vegetable cultivation is possible for nearly the entire year. The weaknesses of this greenhouse type include initial investment, the skilled labour and attention to detail required for two harvests, and vulnerability to extreme events. Passive-solar designs with earth-built walls have been used in Mongolia for 10–15 years and have evolved from the first generation to the improved third generation, which is taller and wider, with better quality of plastic sheeting, and employment of double- or triple-layered films. The 3rd generation passive-solar greenhouse absorbs and releases solar heat more effectively and – compared to standard tunnel greenhouses – requires less plastic sheeting thanks to its three-sided masonry walls, and is the best alternative for small farms facing severe winters, wind and sandstorms. A passive solar greenhouses should include a water tank with a capacity of more than 3,000 litres, and have a minimum area of 100 m².
Drip irrigation (weighted MCA score = 4.23-4.30) is a targeted water delivery system that provides water directly to the root zone of crops through a network of pipes, tubes, and emitters. This technology significantly reduces water wastage by minimising evaporation and runoff, making it highly suitable for Mongolia’s water-scarce regions. Compared to traditional flood irrigation methods, drip irrigation ensures uniform water distribution, optimising the use of available water resources while enhancing crop growth and quality. The MCA results confirm that gravity-fed drip irrigation where a header tank is feasible (in Uvurkhangai), solar-powered where pumped pressure is needed (e.g., in Dundgovi) — are the enabling technologies that make both greenhouse and open-field production viable under water scarcity. The efficiency and insurability of drip irrigation are decisive; its constraints (elevation for gravity head, filtration, capital cost and PV-theft risk for solar systems) are manageable. It is treated as an integral component of every package, not as a standalone option.

One conclusion is treated here as a design rule rather than an option: greenhouses should no longer be built without drip irrigation, whose added cost is modest relative to seeds and fertiliser and whose water and yield gains are decisive. Furthermore, an artificial windbreak should be established before implementing passive solar greenhouses, solar-powered irrigation, or agroforestry measures (Annex 5).
Windbreaks and shelterbelts (weighted MCA score = 4.25) are the foundational, first-priority agroforestry option that offers a balanced combination of effectiveness, feasibility, scalability. As proven in both Dundgovi and Uvurkhangai, they reduce wind erosion, evapotranspiration and conserve and improve soil moisture, stabilise soils and moderate the microclimate. Windbreaks are compatible with horticulture production both in open fields and in greenhouses, but especially valuable for greenhouse production, enhancing both protection and thermal regulation. They are a key component of national afforestation and reforestation initiatives such as the Billion Tree movement and the Green Belt project, and – with a substantial existing base of approximately 160.3 km in Dundgovi and 105 km in Uvurkhangai[12, 46] - well suited to scaling up and to integration into broader system design.
Windbreaks and shelterbelts function as natural protective infrastructure, delivering system-wide resilience benefits. In Mongolia, windbreaks/shelterbelts are mainly composed of fast-growing species and drought-resistant species, combined in multi-row configurations. Their value lies less in direct profitability and more in risk reduction and yield stabilization, which are critical under climate uncertainty, and this value rises sharply when the belts incorporate fast-yielding berry shrubs led by sea buckthorn. 
Oasis-based agro-silvo systems (4.35) are the second-priority agroforestry technology. They achieved the highest MCA score (4.35) due to their strong overall performance and potential to enhance horticulture productivity and diversify smallholder income. They have the greatest productive potential: combination of tree systems with irrigated vegetable and greenhouse production can generate diverse outputs such as fruits, fodder, fuelwood, biomass, and timber. Agro-silvo systems are highly relevant for food security and climate-resilient horticulture and contribute to soil restoration and carbon sequestration.
In Mongolia, this model is found mainly in southern provinces (notably Umnugovi), and was developed under initiatives such as the Greenbelt Project. It is often integrated with small-scale irrigation and well adapted for horticulture production purposes. This model represents a “high-input, high-output” system, suitable for targeted investment zones rather than mass-deployment. They are better suited to Uvurkhangai, as a small-scale pilot option. Overall, they represent a high-potential but context-dependent intervention to be further assessed and integrated into system design.
Renewable energy. Energy is not a standalone deliverable but the precondition for the solar drip irrigation and passive-solar greenhouse components. Solar PV is the enabling layer that powers pumping, ventilation and monitoring across the packages; both tilted and vertical-bifacial (“solar fence”) configurations merit wider adoption, the latter offering a decisive structural advantage in extreme winds. Beyond water pumping, the same modules can serve heating, cooling, drying and other drive systems (Section 7.4). 
[bookmark: _Toc233981358]Technologies not prioritised
Several technically valid options do not meet the priority criteria for smallholder horticulture in the two provinces Dundgovi and Uvurkhangai, and are not carried forward.

Silvopastoral systems are structurally incompatible with vegetable production in open fields and greenhouses: they are designed for livestock, lack technical frameworks and extension support in Mongolia, and their open-grazing logic poses a direct risk to crops, young trees and infrastructure, so they would require major changes in land governance to adopt. 

Subsurface drip irrigation is excluded on cost and its poor fit with annual bed turnover.

High-cost commercial (Venlo, fully automated) greenhouses are excluded on investment grounds and the absence of a matching market. These options may be revisited in later phases or for specific cooperative and institutional installations, but they do not enter the smallholder packages or the CBA.



[bookmark: _Toc233981359]Province-Specific Recommended Technology Packages 
Smallholder production systems function as integrated socio-ecological systems in which the performance of one technology depends on the presence and effectiveness of complementary interventions. For example, efficient irrigation significantly improves the establishment and survival of shelterbelts and agroforestry plantations, while windbreaks reduce wind speed, limit evapotranspiration, and improve the performance of both greenhouse structures and open-field vegetable production. Likewise, protected cultivation stabilizes crop production and increases farmers' capacity to invest in longer-term resilience measures.
The previous chapters assessed individual technology families - including greenhouse systems, irrigation technologies, agroforestry options, and enabling systems - using a Multi-Criteria Analysis (MCA) framework to identify technically feasible and climate-resilient solutions for smallholder vegetable production in Dundgovi and Uvurkhangai provinces. While this technology-by-technology assessment provides an essential basis for decision-making, individual technologies do not operate in isolation within real farming systems.
Consequently, the objective of this chapter is not to reassess individual technologies, but to integrate the shortlisted technologies into technology packages adapted to the specific agro-climatic and socio-economic conditions of each target province. Each package combines complementary technologies into coherent production systems capable of simultaneously improving climate resilience, water-use efficiency, agricultural productivity, and household income.

More specifically, the integrated technology packages pursue five complementary objectives:
translate the MCA results into practical recommendations for smallholder farmers;
combine technologies that maximize synergies between productivity and ecosystem resilience;
differentiate recommendations according to provincial agro-ecological conditions;
identify scalable investment options matching different farmer capacities; and
establish the technical basis for the integrated CBA scenarios.
Rather than recommending a single universal solution, this chapter recognizes that adaptation pathways differ according to local environmental conditions, water availability, investment capacity, and institutional support.
[bookmark: _Toc233981360]From multi-criteria analysis to integrated technology packages
The integrated technology packages were developed by combining the highest-ranked technologies identified through the Multi-Criteria Analysis with the agro-ecological characteristics of the two target provinces. The assessment focused on identifying combinations that maximize complementarities between water management, protected cultivation, agroforestry, and climate-risk management.

The MCA demonstrated that the highest-performing technologies differ slightly between Dundgovi and Uvurkhangai due to differences in climate severity, water availability, wind exposure, and production potential. Consequently, the recommended packages follow different strategic orientations while maintaining a common Ecosystem-based Adaptation (EbA) framework.

Table 47. Functional components of the technology packages and their roles in ecosystem-based adaptation
	Functional component
	Role within the integrated package

	Water management
	Solar-powered pumping, water storage and drip irrigation to maximize water-use efficiency and ensure reliable crop establishment.

	Protected production
	Climate-resilient greenhouse systems providing season extension, production stability and improved crop quality.

	Nature-based protection
	Windbreaks, shelterbelts and agroforestry systems reducing climatic stress while improving soil quality and ecosystem resilience.

	Enabling services
	Digital advisory services, climate-risk insurance and technical support mechanisms strengthening long-term adoption and financial resilience.

	Source: OIKO elaboration based on the feasibility assessment findings, technology shortlisting, and integrated package logic developed in Sections 7.5 and 8.1.



Although these four components are common to both provinces, their relative importance differs according to local conditions. In Dundgovi, the package prioritises climatic protection and water conservation to address extreme aridity and frequent wind events. In contrast, the package proposed for Uvurkhangai places greater emphasis on production diversification and value creation, reflecting more favorable environmental conditions and greater opportunities for integrated horticultural development.

In concrete terms, the shortlist carried forward from Chapters 7 comprises a passive-solar (earth-sheltered) greenhouse, with a wind-resistant polycarbonate design available as a co-financed upgrade where dust and wind justify it; solar-powered drip irrigation, with battery storage in Dundgovi; windbreaks and shelterbelts as the foundational protective layer, complemented by oasis-type agro-silvo systems where water and capacity allow; and solar PV as the enabling energy source, with digital crop insurance as the risk-management layer. The packages below combine these components according to a consistent set of principles: they follow the MCA shortlist; they are technically feasible in each province; they suit smallholder vegetable production; they prioritise water efficiency and climate resilience; they are practically implementable; and they are consistent with the cost-benefit-analysis scenarios defined at the end of this chapter.
[bookmark: _Toc233981361]Recommended technology package for Uvurkhangai 
Uvurkhangai’s more favourable soils, higher rainfall and better water availability allow the technology package to move beyond protection toward production diversification and value creation, while shelterbelts remain the first line of defence against wind. A support package for Uvurkhangai could be structured as follows: (i) development of a new horticultural area, potentially adjacent to the AgroPark and (ii) use of solar panels for demonstration purposes - serving as fencing and providing power for lighting, heating, drying, water pumping, and ventilation. The components are as follows.

Greenhouse farming: Existing earth-sheltered passive solar greenhouses should be supplemented with third-generation passive solar greenhouses to demonstrate the feasibility of two harvests per season and the potential to generate a good income for smallholders. Collaboration with the existing small hydroponics facility, combined with a thorough evaluation, should be undertaken to determine whether this small-scale production model warrants wider adoption; this includes small-plot mushroom cultivation using misting systems.

Water management: Solar-powered pumping with drip irrigation is the primary configuration, direct-coupled or gravity-fed where elevation allows, given the shallow wells. Arvaikheer already has a UNICEF-funded solar pumping station, although it is sited in the city centre rather than near horticultural operations.

Solar energy: Solar PV is the enabling energy source, used for demonstration and for fencing, lighting, heating, drying, pumping and ventilation. In the initial years, solar panels and newly planted areas near the greenhouses should be protected by "artificial windbreaks." 

Nature-based protection and diversification. Productive multifunctional shelterbelts are complemented, where water and capacity allow, by oasis-type agro-silvo systems integrating fruit trees and berry production, building on the roughly 105 km of existing shelterbelts and the Korea–Mongolia nursery. The detailed designs are set out in section 8.4.

Training and advisory materials covering practical aspects of horticulture and addressing the entire value chain — including crop care, processing, packaging, and marketing — should be provided to the predominantly female members of vegetable farming households. Additionally, training measures (e.g., leaflets, short videos) on greenhouse construction should be offered to individuals with a technical interest.

Institutional development and collaboration: Efforts should be made to establish cooperation with the existing nursery from the Korea-Mongolia project and with the AgroPark in Arvaikheer. From an organizational standpoint, the establishment of a local producers' association should be pursued. Collaboration with local banks, local vocational schools, and the agricultural and environmental department authority regarding market-oriented farm planning is also being pursued.

[bookmark: _Toc233981362]Recommended technology package for Dundgovi
Although Uvurkhangai Aimag possesses better soil and more abundant water resources, the afforestation efforts and greenhouse facilities in Dundgovi aimag are by no means lagging behind. The recommended package for Dundgovi is built around climatic protection and water conservation, the two binding constraints in this semi-desert environment; its emphasis is therefore on resilience rather than on production diversification. Otherwise, the key areas of focus overlap with those in Uvurkhangai aimag. The components of the package are as follows.

Greenhouse farming. Earth-sheltered passive-solar greenhouses are the primary, financially viable greenhouse type for Dundgovi; protected by the shelterbelts designed in section 8.4, the low-cost design (about USD 15–25/m²) is technically adequate and is what makes the package viable. A wind-resistant polycarbonate semi-permanent greenhouse is retained as a higher-specification upgrade, to be taken up where public co-financing offsets its higher cost. Both build on the 1,200 m² and 300 m² passive-solar greenhouses that already exist in the aimag, which provide a base for practical training in vegetable cultivation, simple heating techniques, seedling production and greenhouse construction.

Water management: Solar-powered deep-borehole pumping with LiFePO₄ battery storage and drip irrigation is the primary configuration for Dundgovi (Section 7.2), managed through a water-users’ association or the AgroPark rather than one system per household. The solar panels can also be used for water purification or desalination by reverse osmosis where groundwater salinity requires it.

Renewable energy: Solar-powered water pumping systems should be designed for greenhouses. Vertical bifacial solar modules could additionally serve as model fencing, among other applications already reported in Uvurkhangai; the solar panels might even be used for water purification or desalination via osmosis.

Shelterbelts: Multifunctional protective shelterbelts form the foundational layer, building on the roughly 160 km of shelterbelts already established in the province. The aim is to implement model agroforestry plantings - building on the existing Korean-Mongolian nursery cooperation involving the agriculture and environment departments. The agroforestry models specifically recommended for Dundgovi are presented in section 8.4.

Training and advisory materials: Since passive solar greenhouses already exist in Dundgovi aimag, the aim is to establish strong cooperation to develop practical training materials there. Specifically, this covers: (i) vegetable cultivation and tree planting; the production of simple operational supplies (seedling bags, filling equipment, heating systems for seedbeds, etc.); additional simple tips in video format; (iii) training for skilled individuals on constructing passive solar greenhouses, including instruction in simple heating techniques; (iv) storage options; and (v) business aspects of horticulture, such as production, maintenance, storage, marketing, and bookkeeping/accounting.

Institutional development and collaboration: As in Uvurkhangai, the organizational and institutional goal here is to establish a producers' association for vegetables and solar operations. Consequently, maintaining strong ties with local agriculture and environment agencies, the vocational college, and local banks is crucial as well.
[bookmark: _Toc233981363]Province-specific agroforestry strategies
[bookmark: _Toc233981364]Agroforestry strategies for Dundgovi
Strategic rationale
The field mission clearly identified wind exposure and aeolian erosion as the dominant environmental constraints affecting vegetable production in Dundgovi province. Strong prevailing winds accelerate soil erosion, increase evapotranspiration, damage greenhouse structures and reduce the efficiency of irrigation systems. Under these conditions, agroforestry should primarily be considered as a protective measure rather than a production system.

The recommended agroforestry strategy therefore prioritizes the establishment of multifunctional shelterbelts capable of protecting crops and agricultural infrastructure while reducing water demand through microclimate improvement. Fruit production should remain secondary and be limited to hardy shrub species integrated within the shelterbelt or to demonstration orchards under controlled irrigation conditions.

Agroforestry model A – Three-row multifunctional shelterbelt
This model is recommended as the reference design for Dundgovi. The objective is to progressively filter the wind rather than creating a solid barrier. A porous shelterbelt provides better aerodynamic performance and reduces turbulence on the leeward side. The shelterbelt will have a width of approximately 4.5 to 5 m.
Row 1 is windward shrub layer. Its functions are to reduce wind velocity close to the ground, trap moving sand and dust, improve soil fertility through nitrogen fixation, and provide berries and biodiversity. Caragana should dominate because it is the most reliable species under Dundgovi conditions. Sea buckthorn adds an economic function without compromising resilience, while hawthorn increases structural diversity and pollinator habitat.
Row 2 consists of main structural trees. This row provides the principal windbreak, will be established rapidly and serves to tolerate drought and poor soils. Ulmus should remain the dominant species because of its proven adaptation across southern Mongolia. Tamarix is particularly valuable in areas affected by saline groundwater. Spacing between rows 1 & 2 should be around 1.5m.

Row 3 serves as long-term reinforcement, to increase shelterbelt height,	improve biodiversity & berry production, and strengthen long-term resilience. Spacing between rows 2 & 3 should be around 3m.

Where irrigation water is reliable, Populus spp. may replace part of the Ulmus component to accelerate shelterbelt development. However, Populus should not become the dominant species because of its higher water requirements.

Table 48. Number of trees and shrubs required in agroforestry model A for Dundgovi
	Type of rows – Shelterbelt
	Spacing (m)
	Number of trees per 100m
	Number of trees per ha (400m/l)

	Row 1 - Mixed shrub belt Windward side
	
	67
	268

	Caragana arborescens & microphylla - 60%
	1.5
	40
	160

	Sea Buckthorn (Hippophae rhamnoides) – 30%
	1.5
	20
	80

	Hawthorn (Crataegus spp.) – 10%
	1.5
	7
	28

	Row 2 - Fast-growing protection layer
	
	33
	132

	Ulmus pumila (≈70%)
	3
	23
	92

	Tamarix spp. (≈30%)
	3 
	10
	40

	Row 3 - Long-term forest layer
	
	33
	132

	Ulmus pumila (≈45%)
	3
	15
	64

	Elaeagnus angustifolia (≈25%)
	3
	8
	40

	Haloxylon ammodendron (≈15% on the driest sites)
	3
	5
	28

	Malus baccata (Siberian Crab Apple) ≈15%
	3
	5
	28

	Total number of trees & shrubs
	
	133
	532

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.



Agroforestry model B – Two-row compact shelterbelt
A single drip line located midway between the two rows can supply both shrub and tree layers during the establishment phase, reducing installation costs. This model offers lower establishment costs while still providing effective protection against wind erosion. It is intended for smaller farms or where land availability is limited. 

Table 9 Number of trees and shrubs required in agroforestry model B for Dundgovi
	Type of rows - Shelterbelt
	Spacing (m)
	Number of trees per 100m
	Number of trees per ha (400m/l)

	Row 1 - Mixed shrub belt windward side
	
	67
	268

	Caragana arborescens & microphylla - 33%
	1.5
	23
	92

	Sea Buckthorn (Hippophae rhamnoides) – 33%
	1.5
	22
	88

	Hawthorn (Crataegus spp.) – 33%
	1.5
	22
	88

	Row 2 - Fast-growing protection layer
	
	33
	132

	Ulmus pumila (≈33%)
	3
	11
	44

	Tamarix spp. (≈33%)
	3 
	11
	44

	Elaeagnus angustifolia (≈33%)
	3
	11
	44

	Total number of trees & shrubs
	
	100
	400

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.



Orchard development potential
During the field mission, one farmer demonstrated the successful establishment of a small apple orchard. Although technically successful, this production system relies on groundwater desalination through a costly filtration system to overcome the high salinity of local irrigation water.

While this example demonstrates that fruit production is technically possible under highly controlled conditions, it cannot presently be considered a realistic development pathway for the majority of smallholder farmers. High investment costs, specialized equipment requirements and limited freshwater availability considerably restrict its replication potential.

For these reasons, the project does not recommend orchard development as a priority intervention for Dundgovi. Instead, investments should focus on scalable shelterbelt systems capable of protecting vegetable production and agricultural infrastructure while delivering multiple ecosystem services.
[bookmark: _Toc233981365]Agroforestry strategies for Uvurkhangai
Strategic rationale
Compared with Dundgovi Province, Uvurkhangai offers more favourable conditions for agroforestry development. Although strong winds and wind erosion remain major constraints affecting vegetable production, the province benefits from relatively higher rainfall, better soil fertility and improved opportunities for irrigation. These conditions allow agroforestry systems to fulfil not only protective functions but also productive and economic functions.

Field observations confirmed that greenhouse production and vegetable cultivation remain highly exposed to prevailing winds. Consequently, multifunctional shelterbelts remain the cornerstone of the proposed agroforestry strategy. However, unlike Dundgovi, the improved environmental conditions make it possible to integrate productive tree species and berry crops without compromising the protective function of the windbreak.

The recommended strategy therefore follows a "Protect and Diversify" approach. Shelterbelts remain the first priority for protecting crops, reducing evapotranspiration and improving microclimatic conditions, while diversified fruit production provides additional income opportunities and strengthens the long-term resilience of farming households.

Beyond climate adaptation, these integrated systems contribute to biodiversity enhancement, landscape restoration and farm diversification, thereby supporting the transition towards more resilient horticultural production systems.

[bookmark: _Toc233981366]Agroforestry Model A – Three-row multifunctional productive shelterbelt
This model represents the preferred agroforestry design for medium and large vegetable farms in Uvurkhangai province. As in Dundgovi, the objective is to progressively filter prevailing winds through a porous shelterbelt while simultaneously creating favorable conditions for fruit production and biodiversity. The shelterbelt is approximately 5-6 meters wide, with spacing between Rows 1 and 2 of 1.5 m, and 3m between Rows 2 and 3.

Row 1 has the same type of windward shrub layer with 3 species but more diversified for berries production (sea buckthorn & honeyberry) for household consumption and market sale.

Row 2 is still playing the main structural role of the windbreak, and Poplar contributes to rapid canopy closure, while Elaeagnus improves biodiversity and soil fertility through nitrogen fixation.

Unlike in Dundgovi, the third row (3) combines protective and productive functions, to diversify farm production, improve biodiversity and create a transition towards orchard systems. That’s why 6 different tree species have been proposed, with 4 fruit trees.

Table 50. Number of trees and shrubs required in agroforestry model A for Uvurkhangai
	Type of rows - Shelterbelt
	Spacing (m)
	Number of trees per 100m
	Number of trees per ha (400m/l)

	Row 1 - Mixed shrub belt Windward side
	
	67
	268

	Caragana arborescens - 50%
	1.5
	33
	132

	Sea Buckthorn (Hippophae rhamnoides) – 30%
	1.5
	21
	84

	Lonicera caerulea (Honeyberry/Haskap) - 20% 
	1.5
	13
	52

	Row 2 - Fast-growing protection layer
	
	33
	132

	Ulmus pumila (≈40%)
	3
	13
	52

	Elaeagnus angustifolia (≈30%)
	3
	10
	40

	Poplar (Populus spp) (≈30%)
	3 
	10
	40

	Row 3 - Long-term forest layer
	
	33
	132

	Malus baccata (Siberian Crab Apple) ≈20%
	3
	7
	28

	Pyrus ussuriensis ≈20%
	3
	7
	28

	Prunus padus ≈20%
	3
	6
	24

	Elaeagnus angustifolia (≈15%)
	3
	5
	20

	Ulmus pumila (≈15%)
	3
	5
	20

	Prunus sibirica (10%)
	3
	3
	12

	Row 4 - Berry Strip (optional)
	
	80
	320

	Lonicera caerulea (honeyberry) (≈33%)
	1.25
	27
	108

	Ribes nigrum (blackcurrant)  (≈33%)
	1.25
	27
	108

	Rubus idaeus (Raspberry) (≈33%)
	1.25
	26
	104

	Total number of trees & shrubs
	
	133
	852

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.


An additional 4th row for internal production may be established inside the protected area, immediately behind the shelterbelt. This row should be dedicated exclusively to berry shrubs, with recommended species: Lonicera caerulea (honeyberry), Ribes nigrum (blackcurrant) and Rubus idaeus (raspberry). These species benefit from the improved microclimatic conditions created by the shelterbelt while generating additional income through fresh fruit and processed products. Other interesting berry species to experiment/test include Ribes rubrum (redcurrant) & Ribes uva-crispa (gooseberry), Vaccinium myrtillus (bilberry) & Vaccinium corymbosum (highbush blueberry), and Aronia melanocarpa (black chokeberry). This fourth row also enhances biodiversity, improves pollination services and creates an effective transition between the shelterbelt and vegetable production areas.
[bookmark: _Toc233981367]Agroforestry Model B – Two-row compact productive shelterbelt
This simplified model is recommended for smaller vegetable farms. The shrub layer contains a greater diversity of productive species, while the tree layer combines rapid protection with selected fruit trees. A single central drip irrigation line is recommended for this system.

Table 51. Number of trees and shrubs required in agroforestry model B for Uvurkhangai
	Type of rows – Shelterbelt
	Spacing (m)
	Number of trees per 100m
	Number of trees per ha (400m/l)

	Row 1 - Mixed shrub belt Windward side
	
	67
	268

	Caragana arborescens & microphylla - 25%
	1.5
	17
	68

	Sea Buckthorn (Hippophae rhamnoides) – 25%
	1.5
	17
	68

	Hawthorn (Crataegus spp.) – 25%
	1.5
	17
	68

	Lonicera caerulea (Honeyberry/Haskap) – 25%
	1.5
	16
	64

	Row 2 - Fast-growing protection layer
	
	33
	132

	Ulmus pumila (≈30%)
	3
	10
	40

	Poplar (Populus spp) (≈30%)
	3 
	10
	40

	Elaeagnus angustifolia (≈20%)
	3
	7
	28

	Malus baccata (Siberian Crab Apple) ≈20%
	3
	6
	24

	Total number of trees & shrubs
	
	100
	400

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.


[bookmark: _Toc233981368]Agro-silvo system (orchard + horticulture)
Unlike Dundgovi, Uvurkhangai offers favourable conditions for the gradual integration of fruit-tree production into climate-resilient horticultural systems. However, orchard development should not be considered as a stand-alone production system replacing vegetable farming. Instead, it should be viewed as a complementary diversification strategy that strengthens farm resilience, increases household income and enhances the long-term sustainability of the production system.
The recommended approach therefore follows a progressive development pathway. Vegetable production remains the core agricultural activity, supported by passive solar greenhouses, drip irrigation and multifunctional shelterbelts. Once these essential components have been established, fruit trees and berry shrubs can gradually be introduced to diversify production while benefiting from the improved microclimatic conditions created by the shelterbelts.
Field observations demonstrated that agro-climatic conditions vary considerably across Uvurkhangai Province. Orchard establishment should therefore be prioritized in the most favourable areas, such as the Kharkhorin region, where cooler temperatures, improved soil conditions and lower wind exposure create suitable conditions for perennial crops. In contrast, more exposed areas around Arvaikheer require greater emphasis on wind protection before orchard establishment.
Based on these observations, two complementary orchard models are recommended.
Orchard model 1 – Simplified orchard-based horticultural system
This model is designed for farmers wishing to progressively diversify vegetable production through commercial fruit production while maintaining vegetables as their principal source of income.
The orchard should always be established behind multifunctional shelterbelts and might be integrated with passive solar greenhouses and drip irrigation. This configuration reduces wind damage, improves pollination, limits evapotranspiration and creates a more favourable microclimate for fruit-tree establishment.
Table 52. Recommended tree species for orchard model 1
	Fruit Group
	Species
	Orchard %
	Trees /100 m
	Trees /ha
	Main role

	Apple
	Malus domestica
	50
	50
	200
	Main production

	Apple
	Malus baccata
	10
	50
	50
	Pollination & resilience

	Pear
	Pyrus communis
	30
	50
	100
	Commercial production

	Pear
	Pyrus ussuriensis
	10
	50
	50
	Hardiness & pollination

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.


A diversified species composition is recommended to improve resilience against climatic variability, pests and diseases. Majority (60%) is targeting apple production, as we have seen in the field, it’s the main orchard specie grown. Pear will represent 40%, as second major tree crop most interesting to diversify the production.
Spacing between tree on the same line will be 2m, and spacing between tree rows will be at least 10m, but might be adapted (reduced or increased) according to the length of the greenhouse (6 to 8m wide planed for GERES-style passive-solar greenhouses). Total number of trees will be around 500 plants/ha.
Within each group, species should be alternated to improve cross-pollination and reduce production risks, on each 100m row (example: 1 row mixed apple, 1 row mixed pear …ect)
This diversified orchard provides stable fruit production while maintaining relatively simple management suitable for progressive smallholder development.
Orchard model 2 – Integrated fruit production system
This second model is intended for pilot farms and demonstration sites. Rather than focusing exclusively on fruit production, it aims to demonstrate integrated climate-resilient farming systems combining vegetable production, agroforestry, biodiversity conservation and income diversification. The system combines multifunctional shelterbelts, passive solar greenhouses, drip irrigation, open-field vegetable production, diversified orchards and berry production strips.
Table 53. Recommended tree species in orchard model 2 
	Fruit Group
	Species
	Orchard %
	Trees /100 m
	Trees /ha
	Main role

	Apple
	Malus domestica
	25
	50
	125
	Main production

	Apple
	Malus baccata
	10
	50
	50
	Pollination & resilience

	Pear
	Pyrus communis
	15
	50
	75
	Commercial production

	Pear
	Pyrus ussuriensis
	10
	50
	50
	Hardiness & pollination

	Plum
	Prunus domestica
	10
	50
	50
	Commercial production

	Cherry
	Prunus cerasus
	10
	50
	50
	Diversification

	Apricot
	Prunus sibirica
	10
	50
	50
	Diversification

	Bird cherry
	Prunus padus
	10
	50
	50
	Niche processing products

	Source: OIKO elaboration based on agroforestry expert design assumptions and province-specific recommendations developed for this feasibility assessment.


Recommended berry species include sea buckthorn (Hippophae rhamnoides), honeyberry (Lonicera caerulea), blackcurrant (Ribes nigrum), and raspberry (Rubus idaeus).
This model has a more diversified species composition, with almost all major fruits tree growing under continental climate represented (6 groups and 8 different species). More than 1/3 (35%) are going for apple production, 25% for pear, and 40% for the rest of species (10% each). Unlike the 1st orchard model, this one intentionally maximizes species diversity in order to evaluate long-term adaptation to local climatic conditions while creating demonstration sites for future scaling-up. The integration of multiple perennial species also contributes to biodiversity enhancement, pollinator conservation, improved ecosystem services and increased resilience to climate variability. 
It’s also feasible to replace some fruits tree by other type of tree: medicinal, valuable/precious timber tree, fuelwood, fodder for livestock or legume trees. This strategy depends mainly on the objectives of farmers, and his motivation to diversify incomes and outcomes of the same plot of land. Tree height should be maintained between 3m and 4m (max 5m) through regular pruning in order to minimize shading of adjacent vegetable crops and passive solar greenhouses while facilitating harvesting and orchard maintenance. Canopy width should also be controlled to maintain adequate light penetration and air circulation within the integrated production system. 
Same spacing than previous model between tree on the same line (2m), and between tree rows (10m), and will be adapted according to the length of the greenhouse, which gives a total number of trees around 500 plants/ha.
There are 2 options with berry species: 
1. To plant them in the same row than fruit trees, one berry in between each tree (50 plants/100m), using the same drip irrigation system than for trees. 
2. To plant them all around the windbreak inside the orchard, as the fourth row of the main shelterbelt (so 400m/Ha), with a spacing of 1,5m between berry shrubs on the same line/row (67 shrubs/100m, and 268 for 1Ha). This option will require another drip irrigation system just for these berries. 
The proposed Agro-silvo-horticultural system therefore represents the highest level of diversification recommended within the project and illustrates how greenhouse production, vegetable cultivation, agroforestry and fruit production can be successfully integrated into a single climate-resilient farming system.
[bookmark: _Toc233981369]Comparative summary of agroforestry recommendations
The assessment demonstrates that agroforestry fulfils different but complementary functions in the two target provinces.
In Dundgovi, agroforestry should primarily be considered a climate adaptation measure designed to protect agricultural production from wind erosion, drought and harsh environmental conditions. Living shelterbelts therefore represent the most appropriate, scalable and economically realistic intervention.
In Uvurkhangai, shelterbelts remain the cornerstone of climate resilience but also create opportunities for more diversified agro-silvo-horticultural systems integrating fruit trees and berry production. Agroforestry therefore contributes simultaneously to climate adaptation, ecosystem restoration and income diversification.
The overall recommendation emerging from this feasibility assessment is therefore clear: living shelterbelts should constitute the common agroforestry foundation across both provinces, while oasis-type agro-silvo-horticultural systems should be promoted only in locations where environmental conditions and water resources allow sustainable long-term development.
[bookmark: _Toc233981370]Basis for the Cost-Benefit Analysis
Because the province packages define what will actually be built, they also define what the cost-benefit analysis (CBA) will assess. The CBA compares a set of scenarios that build the package up incrementally — from the baseline of traditional farming, through single-technology upgrades, to the full integrated model. An insurance-only scenario is retained as an analytical reference case: it is not a recommended investment package, but it isolates the value of risk transfer on its own and thereby demonstrates that insurance is a complement to, not a substitute for, the underlying productivity and resilience investments. Table 49 defines the six scenarios and, consistent with the province-specific rankings of Chapter 7, the configuration each scenario takes in each province.

Table 54. Scenarios for the cost-benefit analysis and their province-specific configurations
	Scenario
	What it represents
	Core components
	Uvurkhangai configuration
	Dundgovi configuration

	S0 Baseline
	Traditional vegetable farming without the project package — the reference case against which all other scenarios are measured.
	Rain-fed or low-efficiency irrigation; no improved greenhouse (at most rudimentary structures); no agroforestry protection; no insurance.
	Open-field plot watered from shallow wells by hose or furrow; unprotected against wind and frost.
	Open-field plot dependent on existing boreholes where available; unprotected against wind, dust and frost.

	S1 Improved irrigation
	Water efficiency: shared solar pumping and storage with household drip irrigation on the open-field plot; no greenhouse, no insurance.
	Shared solar pump and elevated storage tank (water-users' association); household drip lines; water metering.
	Direct-coupled solar pump (no battery) on shallow wells (5–25 m); gravity-fed drip where elevation allows a header tank.
	Solar pumping from deep boreholes (50–150 m) with LiFePO₄ battery storage; drip supplied from the storage tank; WUA-managed.

	S2 Irrigation + Greenhouse
	Productivity and climate protection: S1 plus the protected-production core identified by the MCA as the pivotal productive asset.
	S1 components plus an earth-sheltered passive-solar greenhouse (200–300 m²) with in-house drip irrigation.
	Third-generation double hollow block-sheltered passive-solar greenhouse (MCA rank 1).
	Low-cost earth-sheltered passive-solar design (USD 15–25/m²), sheltered by windbreaks; the wind-resistant polycarbonate structure is appraised in the CBA only as a higher-specification, co-financed variant.

	S3 Irrigation + Agroforestry (EbA)
	Nature-based solution and ecosystem resilience: S1 plus the foundational protective layer; no greenhouse, no insurance.
	S1 components plus a layered multifunctional shelterbelt / windbreak strip: wind protection, soil-moisture retention, soil stabilisation.
	Multifunctional shelterbelts incorporating fast-yielding berry shrubs (sea buckthorn); entry point for later agro-silvo diversification.
	Protective multifunctional shelterbelts of drought-tolerant species (Caragana, Ulmus, Populus, saxaul); agro-silvo systems remain secondary.

	S4 Full Integrated Model
	The project's full concept: maximum resilience plus financial protection — all four focal technologies combined.
	Solar drip irrigation + passive-solar greenhouse + agroforestry / shelterbelts + digitalised index-based crop insurance.
	Combines the S1–S3 configurations above, extended where water and capacity allow by oasis-type agro-silvo diversification (fruit trees, berries).
	Combines the S1–S3 configurations above in a protection-first sequence: shelterbelts established ahead of the greenhouse and solar system.

	S5 Insurance only
	Analytical reference scenario, not a recommended package: isolates the value of risk transfer alone and demonstrates that insurance is not a substitute for the physical investments.
	No technology upgrade; digitalised index-based crop insurance written on the baseline production system.
	As core components; province-specific premium and sum insured.
	As core components; province-specific premium and sum insured.


Scenario identifiers (S0–S5) and definitions correspond one-to-one to those used in the companion cost-benefit analysis report (Output 1.3).
The same scenario families are therefore applied in both provinces, but each province carries its own configuration and assumptions, as the last two columns of Table 54 summarise. In line with the multi-criteria analysis in Chapter 7, the earth-sheltered passive-solar greenhouse is the primary greenhouse type in both provinces; the wind-resistant polycarbonate structure enters the analysis only for Dundgovi, as a higher-specification variant whose additional cost presupposes public co-financing. Irrigation is differentiated by groundwater depth rather than by technology: direct-coupled or gravity-fed solar drip on Uvurkhangai's shallow wells, and battery-buffered deep-borehole solar pumping in Dundgovi.
The unit of analysis is a reference smallholder household with a 500 m² open-field vegetable plot, a 200–300 m² greenhouse (300 m² in the CBA base case) and a 250 m² shelterbelt strip. The greenhouse, drip network, shelterbelt and insurance are household-level investments, while the solar borehole, pump and storage are shared infrastructure sized for a water-users' association of roughly 15–20 households (18 in the CBA base case), whose cost is allocated to the household as a per-household share. The key assumptions to be tested in the CBA are the empirical parameters that most affect the outcome: greenhouse capital cost per m² — and, for Dundgovi, the choice of greenhouse specification itself — vegetable yields and farm-gate prices, agroforestry establishment and survival rates, and the insurance premium structure. On this basis the CBA evaluates each scenario against the baseline using net present value, internal rate of return, the benefit–cost ratio and the payback period.
The CBA complements, rather than repeats, the multi-criteria assessment in Chapter 7. The MCA screened a diverse set of technologies against several weighted criteria, including benefits that are difficult to monetise — resilience, soil protection and insurability — and produced the shortlist. The CBA now converts the costs and benefits of the shortlisted packages into monetary terms so that they can be compared directly with the baseline and with alternative investments, in the form that financiers and public co-financing bodies expect. The financial analysis is complemented by an economic analysis using import-parity valuation and carbon co-benefits, which is why economic returns are expected to exceed financial returns and to strengthen the case for public support.
The full appraisal — the detailed benefit streams and the net-present-value, internal-rate-of-return, benefit–cost-ratio and payback results for each scenario and province, together with the sensitivity analysis — is carried out in the companion report under Output 1.3, to which this study hands off. The two documents are designed to be read together: this report defines the packages, scenarios, units and assumptions; the companion report evaluates them. Consistent with that appraisal, the greenhouse-centred packages are the decisive value drivers, and only the configurations that contain the greenhouse are robustly viable — in Dundgovi contingent on the low-cost passive-solar design.

















[bookmark: _Toc233981371]Conclusion and Recommendations
[bookmark: _Toc233981372]Conclusions
Climate change poses a direct and growing threat to smallholder vegetable production in Mongolia. In the arid and semi-arid conditions of Dundgovi and Uvurkhangai the combined pressures of water scarcity, wind erosion and a short, variable season leave yields volatile and household incomes precarious, while the country continues to depend on imports for much of its vegetable supply. This assessment concludes that these pressures can be addressed, and domestic supply strengthened, through a defined set of climate-resilient technologies deployed as integrated, province-specific packages.

Four focal technologies, supported by an enabling energy layer, form the core of the recommended response. Earth-sheltered passive-solar greenhouses provide the most cost-effective route to protected, season-extended production and are the single most important determinant of financial viability. Solar-powered drip irrigation, managed collectively, delivers water efficiently and reliably in a water-scarce setting. Multifunctional shelterbelts are the foundational adaptation measure — the most scalable and economically realistic intervention, and a precondition for the others, since the wind protection they provide is what allows lower-cost greenhouses and reduces irrigation demand. Solar photovoltaics is the appropriate enabling energy source, and digitalised index-based insurance completes the package as a risk-transfer layer, though not as a substitute for the physical investments.

The assessment’s central finding is that these technologies are complementary and should not be evaluated or deployed in isolation. The recommended packages differ by province — a protection-first package for Dundgovi, prioritising wind and water, and a protect-and-diversify package for Uvurkhangai, which adds fruit-tree and berry production — but in both, living shelterbelts are the common foundation, while oasis-type agro-silvo systems are promoted only where water resources permit sustainable long-term development.

The economic case, developed in the companion cost-benefit analysis, reinforces these conclusions. The greenhouse drives value; the integrated package is robustly viable in Uvurkhangai and viable in Dundgovi when it is built around the low-cost passive-solar design; and economic returns consistently exceed financial returns once import substitution and carbon co-benefits are valued. That differential is the analytical basis for public co-financing, particularly for the higher-specification options and for the agroforestry components, whose benefits are partly public.

[bookmark: _Toc233981373]Recommendations
Deploy integrated, province-specific packages rather than stand-alone technologies, and sequence the components so that shelterbelts are established first, followed by the greenhouse and solar irrigation, with agro-silvo diversification added where conditions allow.
Prioritise multifunctional shelterbelts as the foundational layer in both provinces, using the three-row multifunctional design as the reference and the two-row compact design for smaller plots.
Adopt the earth-sheltered passive-solar greenhouse as the primary protected-production technology in both provinces; in Dundgovi, reserve the higher-specification polycarbonate greenhouse for situations where public co-financing is available, since it is not financially viable on its own.
Deliver water through solar-powered pumping and drip irrigation, sized and managed collectively through water-users’ associations rather than one system per household, with battery storage in Dundgovi and direct-coupled or gravity-fed configurations in Uvurkhangai.
Use solar photovoltaics as the enabling energy source and pair the package with digitalised index-based crop insurance as a complementary risk-transfer layer — not as a substitute for the physical investments.
Provide public co-financing to capture the economic and adaptation co-benefits that exceed private financial returns, targeting in particular the agroforestry components and the higher-specification options.
Strengthen the enabling environment: establish producers’ associations; deliver training across the value chain to the predominantly female membership; and build on existing assets such as the AgroParks, the Korea–Mongolia nursery, vocational colleges and local banks.
Confirm the key parameters through field verification before scale-up — greenhouse capital costs and yields, open-field yields, agroforestry establishment and survival rates, and the insurance premium structure — and proceed through a phased, pilot-based rollout.

[bookmark: _Toc233981374]Next steps
The shortlisted packages and the assumptions defined in this report are carried forward to the full cost-benefit analysis in the companion report under Output 1.3, which evaluates each package against the baseline and quantifies the financial and economic returns. On that basis, detailed implementation design, procurement specification and monitoring arrangements can be developed for the pilot phase.
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[bookmark: _Toc233981376]Annex 1: Comparative technology matrices
This annex consolidates the comparative matrices that underpin the technology assessment in Chapter 7 and the screening and shortlisting in Section 7.5: the multi-criteria analysis (MCA) criteria, weights and weighted-score matrices for the four technology families; the simplified province-specific ranking tables; the cross-family comparative screening matrix; and simplified suitability matrices linking the assessed technologies to farmer types, provinces and the cost-benefit-analysis scenarios. The suitability matrices draw on the companion Technology Menu and Farmer Guidelines (Deliverable D.1.4).
[bookmark: _Toc233981377]A1.1 Scoring method
All four technology families are scored on the common semi-quantitative scale from 1 to 5 (1 = very low or disqualifying; 2 = low; 3 = moderate or acceptable with significant caveats; 4 = good — appropriate for the Mongolian smallholder context; 5 = very high or best-in-class), with anchor values defined per criterion and half-point or intermediate scores used where performance falls between two anchors. Each criterion carries an explicit weight, and the weighted score is the linear combination Σ (score × weight). The criteria and weights are tailored to each technology family, reflecting the binding constraints of the target context; Table A1.1 shows the full weight structure side by side.
Table A1.1 Assessment criteria and weights by technology family
	Criterion
	Greenhouse
	Irrigation
	Agroforestry
	Renewable energy

	Water efficiency
	0.25
	0.30
	0.20
	–

	Affordability
	0.20
	0.20
	–
	0.35

	Climate resilience
	0.15
	–
	0.20
	–

	Technical simplicity / feasibility
	0.15
	0.20
	0.10
	0.15

	Insurability
	0.10
	0.15
	–
	–

	Environmental
	0.10
	0.15
	–
	0.20

	Scalability
	0.05
	–
	0.10
	–

	Soil restoration
	–
	–
	0.15
	–

	Economic potential
	–
	–
	0.15
	–

	Time to benefit
	–
	–
	0.10
	–

	Reliability
	–
	–
	–
	0.20

	Rural availability
	–
	–
	–
	0.10

	TOTAL
	1.00
	1.00
	1.00
	1.00


Full criterion definitions, weighting rationales and scoring anchors are given in Sections 7.1–7.4. Insurability is deliberately not used as a differentiating criterion in the energy MCA, and the agroforestry MCA replaces insurability and affordability with soil restoration, economic potential and time to benefit, reflecting the different decision problem in that family.
[bookmark: _Toc233981378]A1.2 MCA weighted-score matrices
Tables A1.2 to A1.5 reproduce the weighted-score matrices of the four technology families (Chapter 7). The highest-scoring options in each family are shown in bold.
Table A1.2 Greenhouse MCA – weighted scores
	Criterion (weight)
	Low tunnel
	Single film
	Double film
	Passive solar
	Polycarb.
	Venlo
	Agri-PV

	Water efficiency (0.25)
	2.0
	3.0
	3.5
	4.5
	4.5
	5.0
	4.5

	Affordability (0.20)
	5.0
	4.5
	4.0
	4.0
	2.5
	1.0
	1.0

	Climate resilience (0.15)
	1.0
	2.0
	3.0
	5.0
	4.0
	4.5
	3.5

	Technical simplicity (0.15)
	5.0
	4.5
	4.0
	3.5
	3.0
	1.5
	1.0

	Insurability (0.10)
	1.0
	2.0
	3.0
	4.0
	5.0
	5.0
	4.0

	Environmental (0.10)
	2.0
	2.5
	3.0
	5.0
	4.0
	3.0
	5.0

	Scalability (0.05)
	4.0
	4.5
	4.5
	3.0
	4.0
	5.0
	3.0

	WEIGHTED SCORE
	2.90
	3.30
	3.55
	4.25
	3.78
	3.40
	3.05



Table A1.3 Irrigation MCA – weighted scores
	Criterion (weight)
	Surface
	Sprinkler
	Drip gravity
	Drip solar
	Subsurface

	Water efficiency (0.30)
	1.5
	3.0
	4.5
	5.0
	5.0

	Affordability (0.20)
	5.0
	3.5
	4.0
	3.0
	2.0

	Technical simplicity (0.20)
	5.0
	3.5
	4.0
	3.5
	2.5

	Insurability (0.15)
	1.0
	3.0
	4.0
	5.0
	4.0

	Environmental (0.15)
	1.5
	3.0
	4.5
	5.0
	5.0

	WEIGHTED SCORE
	2.83
	3.20
	4.23
	4.30
	3.75



Table A1.4 Agroforestry MCA – weighted scores
	Model
	Water (0.20)
	Climate (0.20)
	Soil (0.15)
	Economic (0.15)
	Technical (0.10)
	Time (0.10)
	Scale (0.10)
	Weighted score

	Windbreaks / shelterbelts
	5
	5
	4
	3
	4
	3
	5
	4.25

	Agro-silvo (oasis agroforestry)
	5
	5
	4
	5
	3
	4
	3
	4.35

	Silvopastoral
	3
	3
	4
	4
	3
	3
	3
	3.30

	Riparian
	3
	3
	3
	2
	3
	3
	1
	2.65



Table A1.5 Renewable energy MCA – weighted scores
	Criterion (weight)
	Solar PV
	Biogas
	Wind
	Geothermal

	Affordability (0.35)
	3.5
	3.0
	2.5
	2.0

	Reliability (0.20)
	4.5
	2.5
	3.0
	4.5

	Environmental (0.20)
	5.0
	4.5
	5.0
	5.0

	Technical simplicity (0.15)
	4.0
	2.5
	2.5
	2.0

	Rural availability (0.10)
	5.0
	3.0
	4.0
	2.0

	WEIGHTED SCORE
	4.23
	3.13
	3.25
	3.10


[bookmark: _Toc233981379]A1.3 Province-specific rankings (simplified scoring tables)
The greenhouse MCA is re-weighted by province (Section 7.1.5); the irrigation and energy MCAs apply common weights, and province differentiation is handled through the engineered configuration of the same core technology (Sections 7.2 and 7.4). Tables A1.6 and A1.7 summarise the resulting province-level rankings and recommendations.
Table A1.6 Greenhouse options ranked by province
	Province
	Greenhouse type
	MCA score
	Rank
	Capital cost
	Recommendation

	Uvurkhangai
	Double hollow block-sheltered passive solar
	4.45
	1st
	USD 20–55/m²
	Primary

	Uvurkhangai
	Double-layer polytunnel
	3.65
	2nd
	USD 12–18/m²
	Secondary

	Uvurkhangai
	Polycarbonate semi-permanent
	3.60
	3rd
	USD 30–70/m²
	Cooperative option

	Dundgovi
	Earth-sheltered passive solar
	4.30
	1st
	USD 15–25/m²
	Primary

	Dundgovi
	Polycarbonate semi-permanent
	4.25
	2nd
	USD 35–55/m²
	Co-financed upgrade

	Dundgovi
	Double-layer polytunnel
	3.50
	3rd
	USD 12–18/m²
	Budget option


Recommendations follow Section 7.1.5 and the companion CBA: in Dundgovi the low-cost passive-solar design is the primary, financially viable choice once shelterbelts supply the wind protection; the polycarbonate structure is retained only as a higher-specification upgrade where public co-financing offsets its cost.
Table A1.7 Irrigation / solar-pumping configurations ranked by province
	Province
	Configuration
	MCA score
	Rank
	Capital cost
	Recommendation

	Uvurkhangai (shallow wells 5–25 m)
	Direct-coupled solar (no battery); gravity-fed drip where elevation allows
	4.55
	1st
	USD 1,500–3,000
	Primary — sufficient

	Uvurkhangai (shallow wells 5–25 m)
	Solar + small buffer battery (2–5 kWh)
	4.10
	2nd
	USD 3,000–5,500
	Optional upgrade

	Dundgovi (deep boreholes 50–150 m)
	Solar + full LiFePO₄ battery (10–15 kWh)
	4.40
	1st
	USD 5,500–12,000
	Primary — essential

	Dundgovi (deep boreholes 50–150 m)
	Solar–diesel hybrid
	4.15
	2nd
	USD 6,000–10,000
	Backup option


[bookmark: _Toc233981380]A1.4 Cross-family comparative screening matrix
Comparative screening proceeds in two stages (Section 7.5): stage 1 ranks the options within each family on the common weighted matrix; stage 2 filters the highest-scoring options against deployment realities — alignment with smallholder horticulture, integration potential, feasibility under extreme aridity, and scalability under institutional and financial constraints. Table A1.8 consolidates the outcome; Table A1.9 records the options screened out.
Table A1.8 Comparative screening summary
	Technology category
	Leading option (MCA score)
	Principal role
	Screening decision

	Greenhouse
	Earth-sheltered passive solar (4.25)
	Season extension, climate protection, yield gain
	Shortlisted — primary productive asset

	Irrigation
	Solar-powered drip (4.30); gravity-fed drip (4.23)
	Water efficiency and pressurised supply
	Shortlisted — enabling, paired with greenhouse and open field

	Agroforestry
	Windbreaks / shelterbelts (4.25); agro-silvo (4.35)
	Wind protection and resilience; higher-value integration
	Both shortlisted — windbreaks foundational, agro-silvo second priority

	Renewable energy
	Solar PV (4.23)
	Enabling layer for pumping, ventilation, monitoring
	Shortlisted — primary energy source



Table A1.9 Technologies not prioritised
	Option
	Principal reason for exclusion
	Status

	Silvopastoral systems
	Structurally incompatible with vegetable production; designed for livestock; open-grazing logic risks crops, young trees and infrastructure
	Not carried forward

	Subsurface drip irrigation
	Cost and poor fit with annual bed turnover
	Not carried forward

	High-cost commercial greenhouses (Venlo, fully automated)
	Investment far beyond smallholder capacity; no matching market in the project provinces
	May be revisited for specific cooperative / institutional installations


[bookmark: _Toc233981381]A1.5 Technology suitability by farmer type (simplified matrix)
Table A1.10 condenses the farmer typologies of the companion Technology Menu and Farmer Guidelines (D.1.4) into a simplified suitability matrix. It reads with the beneficiary tiers of Chapter 5: technology choice starts from the type of farmer and production system, and smallholders with limited capital are not steered toward high-cost, complex technologies unless a cooperative or public support model carries them.
Table A1.10 Technology suitability by farmer / production type
	Farmer / production type
	Drip irrigation
	Water storage
	Shared solar pump
	Passive-solar greenhouse
	Seasonal / tunnel GH
	Shelterbelts / netting
	Producer group / WUA
	Index insurance

	Household / very small vegetable farmer
	●
	○
	–
	○
	●
	●
	○
	○

	Smallholder irrigated vegetable farmer
	●
	●
	○
	○
	○
	○
	●
	○

	Greenhouse-assisted smallholder
	●
	○
	○
	●
	○
	●
	○
	●

	Women-led / cooperative group
	●
	●
	●
	●
	○
	○
	●
	●

	Agropark / medium-scale producer
	●
	●
	●
	●
	–
	○
	●
	●

	Climate-stressed exposed site
	●
	○
	○
	○
	–
	●
	○
	○


● = core / recommended component; ○ = optional or conditional (subject to water assessment, finance capacity or support model); – = not a priority. Solar pumps are recommended only after water-source assessment and preferably as shared assets of water-users' associations, cooperatives or AgroParks (D.1.4).
[bookmark: _Toc233981382]A1.6 Correspondence between the Technology Menu packages and the CBA scenarios
The Technology Menu (D.1.4) presents five farmer-facing entry packages; the cost-benefit analysis (Section 8.5 and Output 1.3) appraises six incremental scenarios. Table A1.11 maps the two so that extension materials, investment planning and the appraisal remain aligned.
Table A1.11 Technology Menu packages (D.1.4) mapped to CBA scenarios
	Menu package
	Components
	Closest CBA scenario
	Alignment note

	A — Basic water-saving package
	Small drip kit, simple storage, mulching, irrigation scheduling, basic crop records
	Entry step toward S1
	Household entry level, below the shared-solar configuration appraised as S1

	B — Protected production package
	Seasonal or passive-solar greenhouse, drip irrigation, ventilation, crop calendar, pest monitoring
	S2
	Greenhouse-anchored package; the CBA appraises it with the shared solar-drip supply

	C — Solar irrigation + drip package
	Solar pump, controller, storage tank, water meter, drip system, pump-hour records
	S1
	Identical scope; subject to the water-appraisal safeguard before installation

	D — Cooperative resilience package
	Shared solar pump and storage, drip network, greenhouse cluster, producer-group management, maintenance fund
	S4 (cluster level)
	Corresponds to the full integrated model aggregated to the 15–20-household water-users' association

	E — EbA landscape package
	Shelterbelts, living fences, windbreak nets, soil-moisture practices, establishment irrigation
	S3
	Ecosystem-based adaptation layer; appraised with the shared solar-drip supply as S3


The insurance-only scenario (S5) has no counterpart package in the Technology Menu: it is an analytical reference case in the CBA, not a recommended farmer package.



[bookmark: _Toc233981383]Annex 2: SWOT analysis of greenhouse vegetable production

	Strength
	Weaknesses

	· Consistent demand for fresh, locally grown produce
· Maximizes output per square metre compared to traditional open-field farming
· Ability to regulate temperature, humidity, and light, allowing for year-round cultivation and protection against adverse weather conditions
· Diverse crop options to cater different consumer preferences
· Growing conditions lead to uniform product sizes, appearance, and flavor profiles
· Fits very well into local small-scale farming environments in a backyard setting 
	Requires skilled labor and agronomic expertise to manage advanced (automated) systems and respond quickly to technical or biological issues
Substantial initial costs are required for greenhouse structures, climate controls, and supplemental heating/lighting
Maintenance & Breakdowns: Heavy reliance on machinery means that equipment failures can severely impact or destroy crop cycles
Crops susceptible to pests & diseases
Significant operating ongoing costs, maintenance, weeding, labor


	Opportunities
	Threats

	· Local Market Proximity, for the growers and consumers for fresh produce
· Expanding into high-value, niche crops like specialty microgreens, or other vegetables to diversify revenue options
· Potential government support through the utilization of Agroparc structures
· Establishment and utilization of various agricultural extensions services/Vegetable Producer Association
· Not limited to vegetable production; expansion into fruit and forestry tree propagation is possible
· Year around vegetable production possible by help of passive solar greenhouses, and/or double/tripple film layer greenhouses (additional heating options may be required)

	Intense Competition, e.g. from imported produce grown in regions with lower labor and heating costs, or from emerging localized systems like large scale vegetable farms or vertical farms
Supply Chain Disruptions, delays or rising costs for essential inputs such as seeds, fertilizers, packaging, and replacement equipment
Market Saturation, i.e. rapid expansion of greenhouse operations in certain regions may lead to downward pressure on wholesale vegetable prices
Insufficient and inadequate storage facilities can lead to the spoilage of products
Extreme weather conditions require additional heating costs for a few days (affordable alternatives are mentioned in the report) 









[bookmark: _Toc233981384]Annex 3: Mongolian classification of greenhouses[footnoteRef:14] [14:  Source: Tegshbayar, S. (2023). Technology manual for construction of solar winter greenhouses. Deutsche Gesellschaft für Internationale Zusammenarbeit GmbH (GIZ).] 



Greenhouse shapes (arched, gable, lean-to, composite)
By type of covering material, greenhouses are classified as glass greenhouses, rigid-panel greenhouses, and film greenhouses. Rigid-panel coverings most commonly use polycarbonate (PC), together with other durable, transparent materials such as polyvinyl chloride (PVC), acrylic (PMMA), and fibreglass-reinforced plastic (FRP). The covering of the comparatively low-cost film greenhouse is primarily polyethylene (PE), with ethylene-vinyl acetate copolymer (EVA), polyolefin (PO), and reinforced-mesh films also in use. Polyethylene transmits 83–90% of visible-spectrum radiation and 70–80% of ultraviolet radiation, and is therefore considered to have good light transmittance.
[image: C:\Users\Dell\Pictures\PV.jpg]
Polyethylene film
By length of the operating period, greenhouses can be classified as summer, three-season, and winter (i.e. four-season) greenhouses. The summer film greenhouses used in Mongolia have a wooden or metal frame and a polyethylene film covering. Depending on the region, they are operated for 4–6 months per year.
[image: ]
Summer film greenhouse
The basic three-season greenhouse design relies solely on solar radiation for its heat supply, uses natural ventilation, and has no supplementary heating equipment. Because heated winter greenhouses are also frequently operated in a three-season mode — being taken out of use during the deep cold of winter — the term “three-season passive greenhouse” is employed to distinguish greenhouses without supplementary heating from those designed for year-round heated operation. Three-season passive greenhouses are operated for 240–256 days per year.
[image: ]
Three-season passive greenhouse
Winter greenhouses can in principle be operated year-round, but because heating costs in the deep cold of winter are prohibitively high — and in order to avoid coinciding with the peak marketing period of summer-greenhouse produce — they are typically taken out of production for a time and operated for about 10–11 months per year. The following types of winter greenhouses are used in Mongolia:
· heated winter film greenhouse (winter sunlit greenhouse);
· semi-automated winter greenhouse;
· fully automated winter greenhouse with hydroponic cultivation system.
The winter sunlit greenhouse is similar in design and construction to the three-season passive greenhouse and has a film covering, but differs in that it is equipped with supplementary heating. The heating systems currently in use include solid-fuel stoves, central heating, low-pressure boilers combined with electric heating, hot-air heating, and purely electric heating. When the technology is operated correctly, two harvests of fruiting vegetables can be obtained per year.
[image: ]
Winter sunlit greenhouse
In the semi-automated winter greenhouse, the east, west and south walls are made of glass, the roof of polycarbonate, and the north wall of sandwich-panel construction. Cultivation takes place directly in the soil. Ventilation, cooling, and drip irrigation are regulated through a mechanised automatic control system, from which the designation “semi-automated” derives. One to two harvests are produced per year, and soil preparation is carried out routinely between cropping cycles. The number of harvests depends on heating costs and the cultivation plan.
[image: ]
Semi-automated winter greenhouse
The fully automated winter greenhouse uses a hydroponic cultivation system — a form of soilless cultivation. Under this system, the nutrient requirements of the crop are met either by growing the plants directly in a nutrient solution or by setting them in an inert substrate — such as sand, gravel, perlite, rock wool, sphagnum peat, peat, moss, pine bark, or coconut fibre (coir) — which is then supplied with the nutrient solution. A computerised control system regulates energy use, water consumption, and nutrient dosing at appropriate rates, maintains the indoor microclimate, and thereby creates optimal conditions for plant growth. Two to three harvests of fruiting vegetables are obtained per year.
[image: ]
Fully automated winter greenhouse


Source of pictures: To be confirmed. Image included for internal review only.









[bookmark: _Toc233981385]Annex 4: Simple heating tools for extending the growing season

[image: ]
  Source: To be confirmed. Image included for internal review only.


[bookmark: _Toc233981386]Annex 5: Examples of artificial windbreaks for wind, hail and snow protection

	[image: ]
	[image: ]

	Hail nets can serve as simple protection against wind, hail, and snow loads. This is standard in commercial market-oriented economies, and should be used more in Mongolia.

	[image: ]
	[image: ]

	Netting – mot just overhead but also as windbreak along the sides – is absolutely essential

	[image: ]
	

Simple mesh nets already have a major impact

	o Source: To be confirmed. Image included for internal review only.













[bookmark: _Toc233981387]Annex 6: Application of solar energy in agriculture
Table  A6.1. Application of solar energy in agriculture
	Purpose of application
	Energy source
	Technology

	Irrigation
	Solar panels
Solar photo-voltaic cells
PV panels
(Wind, geothermal energy)
	Pump for irrigation
Field irrigation
Desalination system


	Greenhouse management
	Photo-voltaic (PV) generator
PV panels
	Ventilation and heating
Photovoltaic, greenhouse tunnel

	Monitoring/ regulating 
system
	Solar powered notes
Solar panels
Photovoltaic
	Precision agriculture
Wireless sensor network
Humidity sensors

	Water pumping system
	Solar PV water pumping system
	Brushless DC (direct current) motors, centrifugal and positive displacement pump

	Drying
	Solar drying system
	Phase change material (PCM) based thermal storage
Heat pump based solar microwave drying

	Desalination
	Solar collector, solar still

Air solar heater
	Solar assisted desalination system,
Desalination humidification system,    /reverse osmosis?

	Refrigeration
	Photovoltaic panel
Solar thermal collector
Solar energy
	Vapor compression cycle
Steam jet cycle
Adsorption refrigiration technology

	Distillation
	Solar driven
Solar energy
	Direct contact membran distillation (essential oils)

	Source: OIKO elaboration based on the renewable-energy assessment in Section 7.4, Global Solar Atlas solar-resource data for Mongolia, CTCN field mission observations in Dundgovi and Uvurkhangai, and expert inputs on agricultural photovoltaic applications
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