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Abstract

In recent years, global crises, geopolitical conflicts, and climate change have brought food
security to the forefront of the macroeconomic agenda and necessitated a transition to
technology-intensive agricultural systems. This study presents a comprehensive techno-
economic evaluation of soilless greenhouse clusters, drawing on a nationwide empirical
case study of the Geothermal GOAZ (Greenhouse Organized Agricultural Zone) model
in Turkiye. The analysis examines in detail the cost-reducing effect of centralized
geothermal heating, its capacity to make agricultural production independent of fossil-
fuel price shocks, and the stability of market supply dynamics in the context of the
Cobweb Theorem. Additionally, this framework evaluates the integration of industrial
symbiosis, Public-Private Partnership (PPP) governance, and the structural alignment
between the EU Green Deal and the Carbon Border Adjustment Mechanism (CBAM).
Statistical regression models empirically demonstrate the project’s high financial
predictability and confirm that spatial clustering meticulously optimizes capital
expenditures (CAPEX) through economies of scale. The study also highlights the model’s
strong Environmental, Social, and Governance (ESG) performance, particularly in
generating zero-emission carbon credits and promoting rural employment that supports
gender equality. In conclusion, the Geothermal GOAZ model offers a mathematically
validated, financially reliable, and scalable framework for sustainable agriculture.
Furthermore, by integrating shallow geothermal heat pump technologies into the model,
this central clustering model becomes globally applicable across all geographic and
climatic conditions, including regions without hydrothermal resources.
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1. Introduction

In this context, controlled agricultural practices such as

Food security remains a vital global challenge in the 21%
century. Extreme weather events driven by the climate crisis,
such as droughts, frosts, and storms, along with water
resource depletion and shrinking agricultural lands, present
serious risks to the sustainability of traditional open-field
farming and the stability of food prices IPCC, 2022).
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protected cultivation and greenhouse farming are seen as key
strategies for reducing reliance on weather variability and
ensuring a consistent food supply year-round (Benke and
Tomkins, 2017; Gomez et al., 2019; Cowan et al., 2022).
Financial viability in modern greenhouse investments
depends on balancing initial costs with operational expenses.
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However, a major obstacle in modern greenhouse farming is
heating costs, which can make up 50-85% of total production
expenses. Heating fueled by fossil fuels such as natural gas
not only raises costs but also increases the carbon footprint
(Rosas-Casals et al., 2022; Zhu et al., 2022; Carotti et al.,
2023; Shortall et al., 2024; Apostolopoulos et al., 2026).

Turkiye is making intensive efforts to fundamentally
transform greenhouse heating, which is driven by fossil fuels
such as natural gas and contributes to both cost inflation and
a carbon footprint, by leveraging its rich geothermal
resources. It has also been working diligently in recent years
to ensure the security of crop supplies.

It is becoming increasingly clear that these efforts will make
a significant contribution to expanding the scope and volume
of agricultural production and bringing price fluctuations in
agricultural products under control. In Turkiye, in
agricultural production (TTB, 2020-2025);

¢ Introducing newly developed high-yielding and superior
varieties into production,

e Increasing production and productivity while ensuring
sustainability,

¢ Disseminating new methods, technologies, and cultural
practices to producers,

¢ Enhancing agricultural mechanization,

e Bringing fallow lands and non-arable areas
production,

¢ Directing crop production to facilitate integration with
the agricultural and industrial sectors,

¢ Preventing pollution resulting from agricultural activities,

e Determining and monitoring the appropriateness of
inputs and production technologies used in crop
production,

® Registering,
cultivation,

o Efforts to develop infrastructure in regions suitable for
greenhouse farming are being carried out intensively on a
project-by-project basis in Turkiye.

into

monitoring, and developing protected

Turkiye is one of the countries with the world’s richest
geothermal resources. Although these resources have
traditionally been used for thermal tourism, residential
heating, and electricity generation, their use in agriculture
has become a strategic national policy in recent years.
Currently, about half of the global installed capacity of
geothermal-heated greenhouses (1,400 MWt, 7,000 decares)
is in Turkiye alone (Celmen et al., 2025). The “Greenhouse
Organized Agricultural Zones (Greenhouse OAZs or
GOAZs)” vision, developed under the leadership of the
Ministry of Agriculture, aims to unify scattered greenhouse
investments into a coordinated clustering system and
position Turkiye at the center of the global food supply chain
(Fig. 1) (TTB, 2020-2025)

In Turkiye, GOAZ projects have boosted production
capacity for plant cultivation. With investments in
geothermal greenhouses and nearly a billion dollars in
government credit support, a new era in agriculture has
begun, with the government, local authorities, civil society
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organizations, and private-sector companies acting as project
partners. This collaboration is driving strategic growth in the
country’s agricultural sector. According to production
projections, plant output targets are 400,000 tons in 2026,
850,000 tons in 2027, and 1,100,000 tons in 2028. In the
GOAZs that became operational, crop production reached
10,000 tons in 2023, 22,000 tons in 2024, and 60,000 tons in
2025 (TTB, 2020-2025).

The strategic importance of GOAZs in Turkish agriculture is
clearly increasing. There are 24 GOAZ projects in 20
provinces across Turkiye. Among these, 15 are Geothermal
GOAZ projects (Fig. 2). Infrastructure for some projects has
been finished, and they have opened to investors, aiding both
crop production and job creation.

GOAZs are regions where industrial facilities engaged in
plant production are grouped by specialized fields of goods
and services, enabling control over every stage of production,
maximizing yield and quality, promoting low-cost
production, and creating employment by supporting
development (TTB, 2020-2025). GOAZs are strategically
important for energy efficiency and sustainable production.

Despite growing global interest in geothermal greenhouse
applications, a critical gap remains in the literature regarding
quantitative threshold values and the economic superiority of
large-scale clustering models. To address this gap, the
primary research questions of this study are:

e What specific engineering-economic advantages do
Geothermal GOAZs provide over decentralized,
individual greenhouse systems?

e What are the quantitative thresholds that determine the
economic superiority of these clustered geothermal
systems?

e What is the measurable contribution of geothermal
integration to macroeconomic and agricultural
sustainability?

Consequently, the central hypothesis of this study is that
spatial and functional clustering in Geothermal GOAZs
significantly reduces per-decare infrastructure costs and
stabilizes production capacity through economies of scale,
thereby generating a statistically significant and measurable
macroeconomic superiority compared to fragmented,
individual greenhouse investments.

As indicated by “Part 1” in the title, this manuscript focuses
specifically on the national integration, spatial clustering, and
engineering economics of this model in Turkiye. A
comprehensive global benchmarking of the system against
international practices (e.g., the Netherlands, Iceland, and
China) is presented in “Part 2” of this study.

2. Greenhouse OAZs

2.1. Agricultural Supply Chains and New Approaches in the
Context of Global Turbulence

Devastating crises experienced worldwide in recent years,
such as the COVID-19 pandemic, combined with
geopolitical conflicts, demographic shifts, and nationalist
policies adopted by governments trying to protect their own
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food sources, have brought food supply security to the
forefront of the global agenda on an unprecedented scale
(Bas, 2025; Apostolopoulos et al., 2026). While producers’
main concerns in traditional agricultural models usually
revolve around fluctuating input costs, today’s modern
agricultural approach must directly address the devastating
impacts of the climate crisis. Unexpected frost events, severe

storms, hailstorms, and increasingly prolonged droughts are
severely disrupting soil fertility, water reserves, and
ultimately the market’s supply-demand balance. These
weather and environmental disruptions are causing food
inflation, making it harder for consumers to access high-
quality, affordable food (Fig. 3) (Guiné, 2024; Karagol,
2025).

Fig. 1. General view of a Geothermal GOAZ project
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Fig. 2. Geothermal GOAZs and GOAZs are currently in operation or in the process of becoming operational in Turkiye (24 in total)

Considering current ecological risks, greenhouse agriculture
serves as a protective barrier against climate fluctuations,
particularly for growing fresh fruits and vegetables, and has
become a strategic necessity (Dsouza et al., 2023; Bhattarai
et al., 2025). Analysis of changes in consumer behavior
indicates a rapidly rising demand for trustworthy products
free of pesticide residues and sourced through traceable
supply chains (Zheng et al., 2022; Filimonau et al., 2024). In
this context, it is clear that GOAZs, which enable all
processes from production to packaging to be carried out
under controlled and traceable conditions, have quickly
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established themselves in the sector as the most logical and
integrated solution for addressing current and future
agricultural crises.

2.2. An Application of Clustering Theory to the Agricultural
Sector: GOAZ Model

To achieve a sustainable competitive advantage in the
agricultural sector, simply increasing the quantity of
production factors is not enough. It also requires optimizing
their spatial and structural organization (Ye et al., 2023; Liet
al., 2025; Du et al., 2026). In this context, the GOAZ model
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signifies a shift from conventional, fragmented agricultural
production to an ecosystem based on industrial symbiosis
and clustering (Fig. 4).

Symbiosis is a relationship between different species within
an ecological system in which both parties benefits. The core
idea of symbiosis is that the advantages two species gain
when together surpass those they would each get alone. The
concept of industrial symbiosis originated as an approach to
building partnerships among industrial companies that
typically operate separately, sharing resources for mutual
benefit. This approach seeks to mimic the symbiotic
(mutually beneficial) relationships found in natural

ecosystems within industrial systems. These shared resources
can include human resources, logistics, raw materials, waste,
and waste heat. Simply put, industrial symbiosis is the
process by which one company’s byproducts, waste, or
unused materials become raw materials for another
company. Implementing industrial symbiosis offers social,
environmental, and economic advantages across many areas,
including more sustainable material use, creating a circular
economy, resource efficiency, and new business
opportunities. Industrial symbiosis also provides significant
chances for the agricultural sector to enhance environmental
performance and achieve economic gains (Hamam et al.,
2023; Laili et al., 2024; Ulusoy et al., 2024).
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Fig. 3. Agricultural supply chains in the face of global fluctuations and new approaches

GOAZs act as the agricultural sector’s counterpart to the
industrial symbiosis approach described in the United
Nations Development Program (IKA and UNDP, 2022;
MEUCC, 2024; Dikili Geothermal GOAZ, 2025). The
“clustering” approach, introduced into the literature by
Porter (1990), was initially developed for industrial
manufacturing sectors but has since become a key analytical
tool in the agricultural economy. According to Porter’s
“Diamond Model,” clustering refers to the synergy that
results from the concentration of interconnected businesses,
specialized suppliers, service providers, and relevant
institutions (such as universities, standard-setting agencies,
and sectoral associations) within a specific geographic area.
Applying this model to agriculture has led to the
development of the concept of “Agro-Industrial Clustering”.
Also, in the agricultural sector, this model corresponds to
GOAZs (Fig. 4).

The fragmentation of agricultural land in Turkiye through
inheritance, coupled with farm sizes remaining below the
thresholds for efficient production (Bozoglu and Gilindogdu,
2024) and capital shortages faced by small-scale agricultural
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businesses, weakens producers’ competitiveness and slows
their adoption of modern production technologies. These
include access to modern greenhouse systems that require
substantial initial investment, such as soilless farming
infrastructure, fully automated climate control systems, and
advanced irrigation and fertilization units (Semerci, 2021;
Ozel and Esmer, 2024). GOAZs create economies of scale by
sharing the costs of shared infrastructure (roads, water,
electricity, geothermal distribution networks, reinjection
wells, etc.) among investors. This lowers barriers for small
and medium-sized entrepreneurs who, under normal
circumstances, would be unable to establish modern,
technologically advanced greenhouses due to high initial
investment costs.

In these regions, it is not just greenhouses producing final
agricultural products that are clustered together. At the same
time, seedling producers, suppliers of biological control
agents, packaging factories, cold storage facilities, logistics
companies, agricultural R&D centers, and other entities form
an integrated chain. In terms of infrastructure, GOAZs are
equipped with advanced drinking- and irrigation-water
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networks, rainwater harvesting systems, telecommunications
infrastructure, and modern heating centers. The
infrastructure established in these regions, including
wastewater treatment, rainwater harvesting, and biomass
facilities, serves a fully circular economy model (an
integrated ecosystem). For example, plant waste from

greenhouses can be converted into energy at biogas facilities,
or raw materials needed by packaging plants can be sourced
directly from greenhouse outputs. This spatial concentration
accelerates the dissemination of information, minimizes
transaction costs, and reduces the product’s carbon footprint
to near zero (Fig. 4).
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Fig. 4. Geothermal GOAZs as a reflection of Porter (1990) “clustering” theory in the agricultural sector

2.3. GOAZ Philosophy as the Hub of Rural Transformation
The core philosophy of GOAZs is to promote the cultivation
of crops such as vegetables, fruits, aromatic plants, and cut
flowers by primarily harnessing the regional geothermal
potential, thereby increasing both employment and export
capacity. The fully automated, technologically advanced,
soilless greenhouses being established aim not only to serve
the domestic market but also to provide direct access to
international markets. During the development process,
investors are free to produce according to their chosen
models while gaining access to regional, strategic, or large-
scale investment incentives and R&D support.

GOAZs are far more than just plant production sites; they are
complex structures where cultivation, sorting, packaging,
logistics, and marketing operations are integrated into a
single ecosystem. These organized structures not only
mitigate the effects of the climate crisis but also revitalize
local economies, directly boosting social welfare indicators.
Designed around the principles of spatial and functional
clustering, these zones bring together dispersed producers to
create a regional hub. Businesses in high-value sectors, such
as traditional greenhouse farming and the cultivation of
medicinal, aromatic, and ornamental plants, work together
under a shared vision to maximize hygiene standards. Major
goals include relocating agricultural activities trapped within
urban areas to more suitable sites, standardizing and
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documenting farming operations, and lowering production
costs through clustering.

Additionally, the “Urban Agriculture” concept aims to
efficiently meet the daily demand for fresh food in major
cities. It reduces logistics costs and reclaims land once
considered unsuitable for farming for productive use (TTB,
2020-2025). The main difference between a Geothermal
GOAZ and a typical agricultural land allocation is that the
former is a planned agro-industrial complex. A typical
Geothermal GOAZ layout combines modern greenhouse
production areas, industrial facilities for processing,
packaging, and storage, renewable energy zones (geothermal,
solar, wind, biomass), and administrative and social
infrastructure (Figs. 5 and 6).

2.4. Social Impact and Gender-Inclusive Rural Development
(ESG Integration)

Aligning directly with the United Nations Sustainable
Development Goals (SDGs), the GOAZ model delivers
profound Social (S) impact within the corporate ESG
framework. Beyond standard macroeconomic indicators, the
model systematically restructures regional labor dynamics.
With an employment capacity averaging 1.5 persons per
decare, the most compelling metric for impact investors is the
gender-inclusive workforce: 70-80% of the employees are
women. This structural inclusion directly drives women's
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economic empowerment, ensures equitable income
distribution, and creates a highly stable, non-precarious labor
environment that reverses rural-to-urban migration.

In a typical GOAZ ecosystem, the goal is to generate direct
employment for 1,000+ people across modern greenhouse
facilities, processing and packaging plants, administrative

units, and other related operations. Additionally, GOAZ
serves as a hub for numerous supporting industries, including
fertilizer producers, the plastics and wood sectors,
construction, and landscaping. This helps revitalize cash flow
and prosperity in the local economy in multiple ways, and as
a result, slows the trend of rural-to-urban migration (TTB,
2020-2025).
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Fig. 5. The GOAZ philosophy as the epicenter of rural transformation in Turkiye

2.5. Sustainability Vision and Global Market Integration

The GOAZ model, which focuses on fighting environmental
crises (Ngirubiu et al., 2026), operates under the “Green
Agricultural Zone” identity and fully aligns with the
principles of the European Green Deal (Esenlikci, 2023;
Ataseven, 2023; Isik et al., 2023). In facilities that strictly
follow circular economy principles, wastewater reprocessing,
the conversion of organic waste into energy at biogas and
biomass plants, and zero-waste targets are systematically
enforced. This strong physical and technological
infrastructure accelerates investors’ attainment of Good
Agricultural Practices (GAP) certifications, leading to a
significant improvement in both the quality and quantity of
product supply (TTB, 2020-2025) (Fig. 3).

In the international trade sector, the GlobalGAP
certification, which is essential for exporting in line with EU
standards, is readily achieved through the controlled
production processes within the GOAZ framework. This
system, which uses Integrated Crop Management (ICM) and
Integrated Pest Management (IPM) techniques, guarantees
careful monitoring of numerous mandatory and
recommended compliance standards. The collaborative
nature of the production process reduces logistics costs, while
the high-quality standards set by this system allow producers
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to brand their products and sell them at their true value
(Fiankor et al., 2020; Githiga et al., 2024; Li et al., 2025).

Crucially, this  zero-emission  profile transforms
environmental compliance into a tangible financial asset. By
eliminating fossil-fuel-based heating, GOAZ operations
generate substantial carbon credits, which can be monetized
in international voluntary carbon markets, establishing an
additional, highly lucrative revenue stream for the project
developers.

3. The Mega-Scale Case Study: Empirical Evidence from
Turkiye

An examination of Turkiye’s agricultural vision reveals that
the country ranks second in Europe and fourth globally in the
greenhouse sector, after Spain, thereby underscoring its
expertise and infrastructure potential in this field (Girpinar
and Aktiirk, 2023; Kapur et al., 2024; Ozkan, 2024). In line
with the approximately sevenfold increase in financial
resources allocated to the sector over the past five years,
numerous GOAZ projects across the country have entered
the construction or planning phase; regions where feasibility
studies have been completed and are awaiting inclusion in
investment programs are projected to become operational by
2026 and beyond (Fig. 5). In addition, numerous GOAZ and
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Geothermal GOAZ projects have been prepared and are
awaiting approval (TTB, 2020-2025).

3.1. The Development Process of GOAZs

The “Regulation on Agriculture-Based Specialized
Organized Industrial Zones,” which marked the first step in
creating GOAZs in Turkiye, was published in 2017. In 2022,
some amendments were made to the regulation to address
issues encountered during its implementation. The legal and
operational foundation of GOAZs is firmly embedded in
Turkiye’s National Strategic Development Plans (TTB, 2020-
2025). Rather than isolated agricultural initiatives, these

zones are designated as sovereign macroeconomic priorities
to exponentially increase sustainable crop production, ensure
food security, and develop high-value-added agricultural-
industry integration.

By institutionalizing this clustering model within national
regulatory frameworks, the state provides long-term
sovereign support for both domestic and international
investors, thereby substantially mitigating political and
operational risks while facilitating the modernization of
greenhouse infrastructure and the development of large-scale
facilities through significant public subsidies.
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Under the Eleventh Development Plan’s provision that
states, “In addition to the construction of modern
greenhouses for protected cultivation, investment and
operational financing support will be provided for the
modernization, expansion, and construction of packaging
facilities and storage facilities for existing greenhouses,” a
measure has been introduced. This measure includes the
development of the  “Greenhouse Infrastructure
Development Project,” which aims to identify suitable areas
for modern greenhouse farming and establish the necessary
infrastructure to encourage investment. The project focuses
on adapting land infrastructure in selected locations on state-
owned and pasture lands in inland regions and areas with
geothermal resources, making them suitable for greenhouse
farming. It also seeks to address the shortfall in agricultural
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supply during critical seasons and to facilitate production
planning.

In 2019, the government allocated financial resources to 14
provincial governors’ offices to conduct feasibility studies for
GOAZs, prepare infrastructure projects, and determine the
infrastructure cost budget (TTB, 2020-2025). The
development process of GOAZs in Turkiye over the years is
shown in Fig. 7 and Table 1.

By the end of 2025, the number of GOAZs with legal-entity
status in Turkiye had increased to 24 (Fig. 2 and Tables 2-3).
Crop production is currently happening in four GOAZs: two
GOAZs (Caycuma and Bafra) and two Geothermal GOAZs
(Saraykoy and Efeler), while efforts to start production in the
remaining GOAZs continue.
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3.2. Spatial Planning

The fundamental prerequisite for building a sustainable
competitive advantage at the sector level is to design the
spatial organization of production factors in perfect harmony
(Lu et al., 2023; Xu and Zhang, 2023; Hao et al., 2025). The
topographic layout of GOAZ includes key arteries such as
greenhouse areas, industrial facilities, administrative units,
technical infrastructure, green belts, and logistics centers
(Fig. 8). At least 8% of the total planned area must be
allocated to common-use zones, including administrative
and social services, roads, wastewater treatment systems, and
active green spaces; meanwhile, at least 5% should be
designated for industrial parcels where crops are transformed

into value-added final products (Fig. 9). Setting the minimum
greenhouse area at 10,000 m? (10 decares) ensures rational
and profitable production by creating a strong economy of
scale and eliminating inefficiencies related to small-scale
operations (minimum greenhouse area of 5 decares)
(TDIOSB, 2017). The architectural and spatial design of
GOAZs is strictly governed by national specialized industrial
zoning legislations. This statutory compliance ensures that
all infrastructural elements ranging from centralized
geothermal distribution networks to wastewater treatment
and green zones strictly adhere to premium agro-industrial
and environmental standards.
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Fig. 7. Development of GOAZs in Turkiye by year (see Table 1)

To establish the ownership structure of GOAZs, at least 75%
of the selected land must be state-owned; the remaining
privately owned properties are expropriated after the zone
acquires legal personality, ensuring the area's integrity. No
such requirement exists for Geothermal GOAZs (TDIOSB,
2017).

3.3. Legal Entity Building, Financing Solutions and State
Incentives

The governance framework of GOAZs is fundamentally a
robust Public-Private Partnership (PPP) model. By
systematically integrating local state authorities, chambers of
industry and commerce, and private enterprises into a unified
legal entity, the model establishes a highly secure and
sovereign-backed administrative structure. This PPP
approach minimizes bureaucratic bottlenecks through “One-
Stop Office” solutions and creates a highly 'bankable'
environment, making it an ideal framework for international
financial institutions (e.g., World Bank, EBRD) to deploy
green infrastructure and regional development funds. GOAZ
projects in Turkiye are executed under the oversight of the
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Ministry of Agriculture, within the scope of zoning approval
and inspection processes.

Typically, for a project to start, at least one of the region’s
chambers of industry or commerce must participate as a
founding member. Depending on demand, local authorities
(such as governor’s offices and municipalities) and
professional associations or unions, like agricultural
chambers, may also be involved in this initiative.
Additionally, these projects can be established by private
companies and individuals (Fig. 10) (TDIOSB, 2017).
Regarding financing strategies, the Ministry of Agriculture
offers highly flexible credit options for expropriation costs,
engineering planning, and infrastructure construction. These
loans, which vary according to the region’s level of economic
development, are available at interest rates of 1% over a 15-
year term in priority regions, 2% over a 13-year term in
standard provinces, and 3% over an 1ll-year term in
developed provinces. In the loan approval process, allocated
GOAZ lands or the cash/real estate assets of the founding
institutions may be used as collateral (TRGM, 2024).
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To heavily subsidize Capital Expenditures (CAPEX), the
government provides long-term, low-interest financing
through state-backed agricultural development banks and
national green grant programs. Furthermore, to eliminate
bureaucratic friction and accelerate project deployment, a
centralized 'One-Stop Office' framework has been established

(Fig. 10) (TTB, 2020-2025). This executive mechanism
enables international and local investors to seamlessly
manage all permitting, licensing, and infrastructure utility
connections (geothermal, electricity, water, and waste
management) through a single governing body, ensuring a
frictionless, turnkey investment environment.

Table 1. The development process of GOAZs in Turkiye (TTB, 2020-2025)

Year

Development

2017

2019

2020

2021

2022

2023

2024

2025

Publication of the “Regulation on Agriculture-Based Specialized Organized Industrial Zones”

The allocation of government funds to 14 provincial governors’ offices to carry out work on preparing the “Greenhouse Infrastructure
Development Project,” conducting feasibility studies for GOAZs, preparing infrastructure projects, and determining the infrastructure cost
budget.

Commencement of infrastructure construction (roads, drinking and utility water, sewerage, stormwater, electricity, etc.) for the Saraykoy
(Denizli) Geothermal GOAZ.

Conducting feasibility studies for the Dikili (Izmir) Geothermal GOAZ, Edremit (Balikesir) Geothermal GOAZ, Cay (Afyonkarahisar)
Geothermal GOAZ, Kocasinan (Kayseri) Geothermal GOAZ, Banaz (Usak) Geothermal GOAZ, Karatas (Adana) GOAZ, Baymndir (izmir)
GOAZ, and Kinik (izmir) GOAZ.

The allocation of greenhouse production and industrial parcels within the Saraykoy (Denizli) Geothermal GOAZ, where infrastructure work has
been completed, to investors/producers, and the commencement of construction of modern greenhouses by these investors/producers.
Commencement of infrastructure construction for the Bafra (Samsun) Greenhouse OAZ, the Caycuma (Zonguldak) GOAZ, and the Diyadin
(Agr) Geothermal GOAZ.

Completion of site selection and establishment of legal entities for Baymdir (Izmir) GOAZ, Kinik (Izmir) GOAZ, Karatas (Adana) GOAZ,
Edremit (Balikesir) Geothermal GOAZ, Efeler (Aydin) Geothermal GOAZ, Simav (Kiitahya) Geothermal GOAZ, and Dikili (Izmir)
Geothermal GOAZ.

Preparation of general layout, zoning, and parceling plans, and conduct of feasibility studies for the Yazithan (Malatya) GOAZ.

To address shortcomings identified in practice, certain amendments were made to the “Regulation on Agriculture-Based Specialized Organized
Industrial Zones,” published in 2017.

Commencement of production at the Saraykdy (Denizli) Geothermal GOAZ. Completion of infrastructure works at the Diyadin (Agr1)
Geothermal GOAZ, Bafra (Samsun) GOAZ, and Caycuma (Zonguldak) GOAZ, and allocation of greenhouse and industrial parcels to
investors/producers.

Commencing infrastructure construction at the Dikili (Izmir) Geothermal GOAZ.

Launching the implementation of the “Turkiye Climate-Smart and Competitive Agricultural Growth Project” (TUCSAP) by the Ministry of
Agriculture and the World Bank.

Within the scope of the project, the selection of the Dikili (Izmir) Geothermal GOAZ as a pilot project and the provision of $65 million in
financing by the World Bank.

Completion of the investment analysis for the Gonen (Balikesir) Geothermal GOAZ, which will utilize four renewable energy sources
(geothermal, solar, wind, and biomass).

Expropriation work has begun for the Simav (Kiitahya) Geothermal GOAZ.

Feasibility studies for the Karatas (Adana) GOAZ, Bayindir (izmir) GOAZ, and Yazihan (Malatya) GOAZ have been completed.

Approval of the master plan and infrastructure module projects for the Efeler (Aydin) Geothermal GOAZ.

Acquisition of legal entity status by the Kozakli (Nevsehir) Geothermal GOAZ, and completion of project and feasibility studies.

Finalization of the site selection for the Karkin (Aksaray) and Kocasinan (Kayseri) Geothermal GOAZ projects.

Continuation of the site selection study for the Ayvacik (Canakkale) Geothermal GOAZ.

Approval by the World Bank of the feasibility report for the Dikili (Izmir) Geothermal GOAZ.

Inclusion of the Kozakli (Nevsehir) Geothermal GOAZ and the Karatas (Adana) GOAZ in the investment program.

Completion of the Environmental and Social Impact Assessment report for the World Bank-funded Dikili (Izmir) Geothermal GOAZ.
Commencement of infrastructure construction for the Dikili (Izmir) Geothermal GOAZ, Karatas (Adana) GOAZ, and Baymdir (Izmir) GOAZ.
Completion of the projects for the Karatas (Adana) GOAZ, Kocasinan (Kayseri) Geothermal GOAZ, Karkin (Aksaray) Geothermal GOAZ,
and Gonen (Balikesir) Geothermal GOAZ.

The establishment of legal entities for the Silopi (Sirnak) GOAZ, Banaz (Usak) Geothermal GOAZ, Bigadi¢ (Balikesir) Geothermal GOAZ, and
Cay (Afyon) Geothermal GOAZ.

The acquisition of legal personality by the Yerkdy (Yozgat) Geothermal GOAZ and the Batman GOAZ.

The number of GOAZs that have acquired legal personality across Turkiye was rising to 24.

Continuing of crop production at four GOAZs, two GOAZs (Caycuma and Bafra) and two Geothermal GOAZs (Saraykdy and Efeler), and
activities for starting production at other 20 GOAZs that have obtained legal personality.

3.4. Infrastructure Costs and Financing Model

The first and largest fixed investment item in implementing a
GOAZ project is infrastructure work (Fig. 11). Following the
establishment of the legal entity, the necessary feasibility
studies, engineering, and planning expenses are financed
through contributions from the founding partners. Various
internal and external financing alternatives may also be
evaluated to enable a loan application to the Ministry for the
project’s exploration costs and general administrative
expenses. Interest-subsidized loans provided by the Ministry
of Agriculture can be converted into grants at an 80% rate if
conditions such as the project’s inclusion in the investment
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program and the allocation of land at a reduced rate are met.
The infrastructure investments for GOAZ projects are quite
extensive. This includes land acquisition, road construction,
drinking water, irrigation, and wastewater networks, as well
as electricity, telecommunications, natural gas, drainage
systems, and geothermal heating networks, all of which will
be directly connected to the greenhouses. Additionally,
superstructure elements such as administrative and social
buildings and heating centers, as well as necessary drilling
works, are included in the cost breakdown. An analysis of
current practices in Turkiye reveals that 98% of the
investment is directed toward infrastructure construction.
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The remaining 1% of the budget is allocated to shared and design services. All of these investment items are covered
superstructure construction (excluding greenhouses and by payments for the allocation of greenhouse and industrial
industrial parcels financed by the investors themselves), 0.5%  plots, loans from the Ministry of Agriculture, and dues
to land acquisitions, and the final 0.5% to feasibility studies calculated based on the land owned by members/investors.

Table 2. GOAZs currently in operation or in the process of becoming operational in Turkiye (9 in total) (see Fig. 2) (Compiled from the websites and activity
reports of the Ministry of Agriculture and the GOAZs)

Estimated a q a
3 Estimated c) Estimated d) Estimated .
G Actual Total Azl cull.:ural Infrastructure Superstructure Contribution to the il A o
No Name . . Production b " P a Employment' ‘Website
(Province) Situation Area (decan Capacity* Im;;:tment Im;;:tment Co;;ﬁtry s Economy’ (people)
(tons/year) (million US $) (million US $) (million US $/year)
Caycuma In operation https://caycumaseraosb.org
A (Zonguldak) (active) 520 10 000 10 15 15 350 )
B Bafra In operation 1190 20 000 20 35 30 800 https://www.seraosb.co
(Samsun) (active) m/
i ps: vindirtdiosb.org.
c Baylpdlr Infrastructure s g9y 15000 15 30 20 600 https://bayindirtdiosb.org.t
(Izmir) being prepared r/
Karatas Infrastructure is
D (Adana) T — 2852 45 000 50 90 70 1900
g Silopi Infrastructure is g, 15000 15 30 20 650
(Sirnak) being prepared
Kinik (izmir)
(Seeds, . e
: ps: .org.
F Seedlings, Infrastmcture 5 130 20000 20 40 30 800 https://kiniktdiosb.org.tr
% being prepared /
Aromatic
Plants)
Yazihan In the
G (Malatya) planning 890 15000 15 30 20 600
ty phase
In the
H Batman planning 1110.7 20 000 20 35 30 750
phase
Yalova In the
1 : planning 1030 15 000 15 30 20 700
(Floristry) phase
Total 10 661 170 000 180 335 255 7150
Average 1185 18 900 20 37.2 28.3 800

4@ Based on the layout plans in the feasibility reports of GOAZs, an average of 15-20 tons per decare was assumed.

b Based on the layout plans in the feasibility reports of GOAZs, $1 million was assumed for 1,000 tons of crop production.

¢ Based on the layout plans in the feasibility reports of GOAZs, the estimated infrastructure investment has been set at 1.5 to 2 times the amount.
4 Based on the layout plans in the feasibility reports of GOAZs, the cost for 1,000 tons of crop production has been set at 1.5 to 2 million dollars.
¢ Calculated as the total area of GOAZs (decares) multiplied by 0.7 people.

Table 3. Geothermal GOAZs currently in operation or in the process of becoming operational in Turkiye (15 in total) (see Fig. 2) (Compiled from the websites
and activity reports of the Ministry of Agriculture and the Geothermal GOAZs)

Estimated
Estimated a a Contribution a
Geothermal Total Greenho.use Installed Greenhouse Industrial At Estimated Estimated to the Estimated
Greenhouse  Actual Production b 3 Infrastructure  Superstructure y Permanent q
No N . Area 8 Capacity’ Area Area Production 4 ) Country's ¢ Website
OAZ Name Situation (decare) Area’ ™MW1) (number) (aumber) Capacity® Investment' Investment' Economyf Employment'
(Province) (decare) (T) (million US §) (million US $) (million US (people)
$/year)
1 fg‘:[it;’s’ g:c‘:if:)a“"“ 729.0 382.0 76.4 12 2 15,000 15 30 20 600
2 (ﬁfyeéi‘l) gcfi{’fe‘)‘"‘“(’“ 717.3 400.0 80.0 20 9 15,000 15 30 20 600
3 Dlya:\dm Infeastructure is 1,290.0 800.0 160.0 35 2 30,000 30 60 40 1,200 http://www.diyadintdiosb.
(Agr) being prepared org.tr/
4 le{h Inf}'astmcture is 3,037.0 1,432.0 286.4 50 47 50,000 55 110 70 2,100 https://www.dikilitdiosb.o
(izmir) being prepared rg.tr/
5 (Kség‘ga) I}‘)‘efi‘zt;‘:;‘;‘;‘f 1,185.0 662.8 132.6 44 16 25,000 2 50 35 1,000 https://simavtdiosb.org.tr/
6 o ey 12270 4800 9.0 40 9 15,000 20 40 15 750 https://kayseritdiosb.org/
7 Gonen  Infrastructureis g0 31900 6384 120 93 110,000 125 250 175 4,750 https://gonentdiosb.org.tr/
(Balikesir)  being prepared
g Lhomd  MEmEEOh  ang 2720 544 21 29 10,000 10 20 15 400
(Balikesir)  being prepared
9 Blgadlg E}fproprla»tmn is 2,320.0 576.0 115.2 51 16 20,000 25 50 35 850 https://www.bigadictdiosb
(Balikesir)  being carried out .org.tr/
iati i 5. ytdi X A
10 Karkin E}fproprla}mn is 1,440.0 600.0 120.0 30 17 20,000 25 50 35 900 https://aksaraytdiosb.org.tr
(Aksaray) being carried out /
1 Kozakl_l In the planning 1,362.0 667.4 133.5 3 13 25,000 25 50 35 1,000 https://nevsehirtdiosb.org.t
(Nevsehir)  phase 1/
Ayvacik . P .
12 (Canakkal 1ntheplamning 5500 0704 2141 48 19 35,000 45 9% 50 1,600 HttpsS//canakialeayvasikid
e phase iosb.org.tr/
13 Cay — Intheplanning ) o794 304 346.1 2 12 60,000 70 140 85 2,600 https://www.afyonotb.org.
(Afyon) phase tr/
14 3}‘;‘;{2) ;’1‘1;}5‘: planning 5 3500 1,184.0 236.8 25 40,000 45 9% 65 1,750 https://banazotb.org.tr/
15 Yerkdy In the planning 1,125.7 795.2 159.0 30 25,000 30 60 40 1,200 https://yerkoytdiosb.org.tr
(Yozgat) phase /
Total 30,805.0 14,245.0 2,848.9 500 495,000 560 1,120 735 21,300
Average 2,054.0 949.6 189.9 39 33,000 373 74.6 49 1,420

@ The greenhouse production area constitutes 80% of the greenhouse area in the GOAZ planning (in the GOAZ feasibility reports, the production area of a geothermal greenhouse is 80% of the total greenhouse area).

® MWt values were calculated based on the assumption that 1 MWt of power is required to heat 5 decares of greenhouse production area (Celmen et al., 2025; they stated that 1 MWt of power is required to heat 5 decares of greenhouse production area).

¢ Calculated as total greenhouse production area (decares) x 35 tons (According 1o data pubhshed by 1he Turkish Ministry of Agriculture, the annual tomato production per decare of greenhouse production area is 35 tons/decare. Tomatoes were selected as
the reference crop because they account for 96.45% of the total vegetable prodi in ions in Turkiye).

4 Calculated as total greenhouse production area (decares) % $40,000 (The i ture cost for a h Iy heated high-tech greenhouse, as published by the Turkish Ministry of Agriculture, is $40,000 per decare).

¢ Calculated as total greenhouse production area (decares) x $80,000 (the infrastructure cost for geothermally heated high-tech greenhouses, as published by the Turkish Ministry of Agriculture, is $80,000 per decare).

/ Total production capacity (tons) x $1,400 (approximate revenue per ton) (The annual average selling price of 1 ton of duced in a Iy heated high-tech greenhouse, as published by the Turkish Ministry of Agriculture, is $1,400.
Tomatoes were selected as the reference product because they account for 96.45% of total vegetable production in geothermal greenhouse operations in Turkfye)

# Greenhouse production area (decare) x 1.5 people (According to Geoth | GOAZ feasibility reports, the estii d emp: ina h ! h is 1.5 people per decare).
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3.5. Revenue Streams and Commercial Monetization Strategy
The operational financial architecture of GOAZs is
structured around highly diversified and resilient revenue
streams, ensuring long-term commercial viability. The
primary capital recovery mechanism is the premium leasing
and sale of high-tech greenhouse and industrial parcels,
which directly offsets initial infrastructure loans.

Furthermore, the model generates perpetual operational
income through decentralized utility management,
monetizing the distribution of industrial water and
telecommunications, and, specifically, the metered sale of
geothermal heat energy to individual producers. This
diversified monetization strategy insulates the central
governing entity from single-market shocks and guarantees
sustained positive cash flow (Fig. 12).

In addition to land sales, other operating revenues that
support the facility’s sustainability include sales and
distribution of water and electricity, rental fees, management
fees, and profits from geothermal heat sales. These integrated
facilities cater to a very broad audience. While fresh produce
growers, logistics companies, and the local community are at
the heart of the project, European countries and densely
populated, developed local cities are the primary targets for
marketing the final products. In particular, the growing
global demand for healthy food and fresh agricultural
products in the post-pandemic era has further highlighted the
strategic importance of these projects, which center on good
agricultural practices. Market instability caused by
fluctuations in input costs, particularly energy prices, can be
mitigated by using geothermal resources, enabling the
establishment of a stable pricing policy.
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Fig. 10. Legal entity building, financing solutions and state incentives of GOAZs

3.6. Land Allocation and Market Demand

The successful implementation of a GOAZ project depends
on institutional structure, financial support, and a robust
technical infrastructure. Significant incentives are offered to
investors regarding land acquisition. Geothermal GOAZs are
exempt from the requirement that 75% of the land must be
state-owned, which is typically a condition for GOAZ
applications.

A critical pillar of the model's 'bankability' is the robust
incentive structure provided for land acquisition and
operational taxes. By acquiring state-owned land and
allocating it to qualified investors at an 80% subsidy, the
government drastically reduces upfront land CAPEX.
Investors receive parcels fully equipped with all
infrastructure, including roads, water, electricity,
telecommunications, and geothermal connections, which are
managed exclusively by the GOAZ Directorate.

Furthermore, the operational phase is heavily de-risked
through comprehensive 'tax holidays,' including permanent
property tax exemptions, VAT exemptions for machinery,
and the waiving of solid waste and municipality fees. This
aggressive  sovereign  subsidization accelerates the
construction phase to an average of six months and ensures a
highly rapid Return on Investment (ROI). These attractive
conditions have led to parcels in the 24 different GOAZ
projects across Turkiye being completely sold out by the end
of the first year. In cases where demand exceeds capacity,
parcel allocation is managed through an auction system.
Entrepreneurs who receive their parcels are expected to begin
production within two years at the latest.

3.7. Optimization of Geothermal Infrastructure and Drilling Costs
The integration of geothermal energy into greenhouse
heating systems enables the efficient use of even low-
temperature hydrothermal fluids and the Earth’s natural
heat, thereby driving a strategic transformation in
agricultural production and ending dependence on fossil
fuels (Rosas-Casals et al., 2022; Zhu et al., 2022; Carotti et
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al., 2023; Shortall et al., 2024; Apostolopoulos et al., 2026),
and reducing production costs (Kurpaska et al., 2021; Lee et
al., 2025; Du et al., 2026).

Geothermal GOAZs present a highly efficient and systematic
economic model for regional development and food security.
In particular, the good agricultural practices implemented at
these facilities are strategically important for public health
and access to healthy food. These modern production
facilities provide investors with a strong competitive edge and
lasting brand value. Geothermal GOAZs do not rely solely
on geothermal resources; by integrating with solar, wind, and
biomass power plants, they establish a continuous, hybrid
energy self-sufficiency system. This stable climate control,
achieved through direct hot water lines or advanced

geothermal heat pumps, ensures that agricultural
productivity remains at its peak throughout the year (TTB,
2020-2025).

Undoubtedly, the most important factor affecting the
profitability of greenhouse farming is the cost of heating and
cooling (Boyaci et al., 2025; Dimitropoulou et al., 2025;
Sirik¢i and Cetinkaya, 2025). In traditional greenhouse
operations, high heating costs-particularly on cold days-force
producers to plant only in spring and fall for economic
reasons (Boyaci et al., 2025). This seasonal constraint reduces
the volume of fresh produce available during transitional
months, setting the stage for sudden spikes in consumer
prices (Dimitropoulou et al., 2025).

Eco-friendly, low-temperature geothermal resources, when
combined with climate-control technologies, enable
uninterrupted greenhouse production year-round. This
technological transformation contributes to market stability
by preventing seasonal supply shortages and associated price
fluctuations, while also increasing yield per unit area by up
to tenfold compared to conventional methods. The resulting
increase in crop yield and the radical reduction in heating
costs provide investors with high competitive strength in
international markets and a traceable, reliable brand value.
Minimizing energy costs to this extent reduces unit
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production costs and establishes operations on a financially
predictable and reliable foundation (Argento et al., 2024;
Boyaci et al., 2025; Dimitropoulou et al., 2025).

Geothermal energy is a broad umbrella term for the natural
internal heat generated and stored in the depths of the Earth’s
crust as a result of magmatic activity and radioactive decay
(Fig. 13) (Glassley, 2014). A hydrothermal source is a specific

type of geothermal system in which water acts as the
transport medium, facilitating the transfer of this heat to the
Earth’s surface. For an underground geothermal potential to
be classified as a “hydrothermal source,” it requires not only
a high-temperature heat source but also a groundwater (fluid)
capable of absorbing this heat and transporting it to the
surface, as well as a permeable reservoir structure where the
fluid can be trapped and move (DiPippo, 2012).
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Fig. 11. All stages in the implementation of a GOAZ project
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Fig. 12. The financial cycle of GOAZs during the operational phase

In short, while geothermal energy defines the fundamental
form of energy (heat) contained within the source, the term
“hydrothermal resource” describes dynamic, water-bearing
systems where this energy becomes economically exploitable
through its transport to the surface via groundwater, a system
where the “heat, water, and permeability” triad converges
(Barbier, 2002). Geothermal (ground- and water-source) heat
pumps are highly energy-efficient, environmentally friendly
technologies used for climate control in greenhouses by
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harnessing the relatively constant thermal energy of the
ground year-round.

Compared to traditional fossil-fuel-fired boilers or electric
heaters, these systems significantly reduce energy
consumption for greenhouse heating and cooling, thereby
lowering operating costs, minimizing greenhouse gas
emissions such as carbon dioxide, and supporting carbon-
neutral, sustainable agriculture (Zhou et al., 2026). With its
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advanced heat-transfer capacity, this technology can
consistently maintain the optimal thermal conditions
essential for plant growth within the greenhouse, despite
extreme temperature fluctuations in the external
environment (Boughanmi et al., 2016).

Although the initial investment costs associated with drilling
and installing underground and water heat exchangers are
high, the high coefficient of performance (COP) offered by
geothermal heat pumps allows the system investment to be
recouped quickly; by fulfilling both heating and cooling
functions year-round through a single infrastructure, it
ensures the long-term net profitability of modern agricultural

operations (Seo et al., 2021). Heat pump technologies
(ground-source, water-source, and air-source) offer the
advantage of providing both heating and cooling from a
single central unit due to their system design.

On the other hand, Solar Stirling systems are cogeneration
mechanisms that generate electricity from solar energy while
simultaneously using the resulting waste heat to support
space heating. The integration of these two technologies
provides businesses with a highly efficient, hybrid climate-
control and energy infrastructure that serves as a backup for
the other, depending on climatic conditions and seasonal
needs (Bataineh, 2024; Guarino et al., 2021; Du et al., 2026).
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Fig. 13. Types of geothermal energy sources and their use in greenhouses
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The high specific heat capacity and thermal inertia of large
bodies of water in lakes and seas make these bodies highly
efficient thermal reservoirs for heating and cooling
greenhouses via geothermal heat pumps (surface water heat
pumps). These water bodies, which provide stable
temperatures year-round, drastically reduce operational costs
and carbon emissions by eliminating dependence on fossil
fuels when integrated with heat pumps (Lee et al., 2020; Liew
et al., 2021; Pajak et al., 2024).

In addition to seas and lakes, streams and rivers, which have
high heat-transfer capacity due to their dynamic flow
regimes, can also be successfully integrated into climatic
systems using ‘river water source heat pumps’. These
systems, implemented on a megawatt (MW) scale in district
heating networks in Germany (Trabert et al., 2021) and in
various European basins such as the Clyde River in Scotland
(Ptak et al., 2025), due to their high installation feasibility
(Jung et al., 2021), represent a proven strategic alternative for

heating agricultural production areas in a sustainable manner
independent of fossil fuels.

Geothermal GOAZs reduce dependence on traditional fossil
fuels by using low- and medium-temperature geothermal
fluids from beneath the surface, significantly reducing
production costs. These systems do not rely solely on
geothermal energy; they also combine solar, wind, and
biomass power plants to create a seamless, hybrid energy self-
sufficiency system. Stable climate control, delivered through
direct hot-water lines or advanced heat pumps, keeps
agricultural productivity at its highest levels year-round
(TTB, 2020-2025). The key technical reason for the
Geothermal GOAZ cluster model is the geosciences
challenges involved in resource exploration and operations.
For a single greenhouse investor to carry out geological and
geophysical surveys on their own land and then drill
production and reinjection of wells to depths of thousands of
meters require a very high financial investment.
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In Geothermal GOAZs, however, the management of this
geothermal infrastructure is centralized. The region’s
geothermal fluid potential is evaluated through
comprehensive studies (including geological and geophysical
exploration, well drilling, well testing, fluid chemistry, and
reservoir modeling) conducted by a single authority. The
geothermal resources extracted from the subsurface are

distributed to greenhouses via a central heat plant and
insulated pipe networks (ring network), while the fluid from
which heat has been extracted is reinjected back into the
reservoir through reinjection wells. The most critical factor
affecting investment’s financial feasibility is how drilling
costs and geothermal hydrogeological risks are shared among
a large number of investors (Fig. 14).
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Fig. 16. Relationship between agricultural production capacity and total area and greenhouse area in Geothermal GOAZs (Table 3)
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Fig. 17. The relationship between the estimated infrastructure investment amount and the total area and greenhouse production area in Geothermal GOAZs

(see Table 3)

GOAZs are primarily established in areas with hydrothermal
resources. In areas without hydrothermal resources, GOAZs
equipped with geothermal heat pumps can be established to
heat the greenhouses. Because geothermal heat pumps
extract shallow thermal energy stored in the Earth’s crust and
integrate it into production systems, GOAZs using this
technology also directly benefit from geothermal energy.
Accordingly, GOAZs that meet their heating and cooling
needs with geothermal heat pumps should be recognized as
using this renewable subsurface energy source as their
primary energy source and should be evaluated directly as
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“Geothermal GOAZs” in legal or technical planning
processes

Considering that geothermal energy consists of natural heat
stored deep within the Earth’s crust and hydrothermal
systems that transport this heat to the surface via
groundwater, ground-source and  cold-water-source
geothermal heat pumps are also considered systems that
directly utilize geothermal energy, as they extract shallow
thermal energy stored in the Earth’s crust and integrate it into
production systems (Haehnlein et al., 2010; Lund and Toth,
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2021; Elshehabi and Alfehaid, 2025). Lund and Toth (2021)
emphasize that shallow geothermal heat pumps account for
the largest share (approximately 58.8%) of the “direct use” of
geothermal energy and that these systems directly extract
shallow thermal energy from the Earth’s crust. Therefore,
ground-source or groundwater-source heat pump
applications should be classified under the category of direct
use of geothermal energy rather than as climatic tool systems.
In this regard, it is essential to the sustainability of the
resource that heat pump-based greenhouse operations,
which, like businesses utilizing deep hydrothermal sources,

intensively exploit the thermal balance and heat potential of
the subsurface, be required to obtain a geothermal license as
part of the planning process. Indeed, this approach is also
supported by international platforms. The FEuropean
Geothermal Energy Council (EGEC, 2022) and projects such
as GeoPLASMA-CE (2019) conducted across Europe it is
emphasized that the uncontrolled use of ground-source and
groundwater-based heat pumps can lead to “thermal
anomalies” in groundwater resources, and it is recommended
that these systems be subject to a licensing/permit framework
established by law.
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Fig. 18. The relationship between the estimated amount of superstructure investment and the total area and greenhouse production area in Geothermal

GOAZs (see Table 3)

4. Engineering Economics of Geothermal GOAZs

While global geothermal energy use (non-electric) is
approximately 110,000-120,000 MWt, the share of
greenhouse heating is 2-3% (Lund and Toth, 2021; IRENA,
2023a; Sener et al., 2023), averaging 2,875 MWt per 14,375
decares. Analyses show that 1 MWt of power can heat about
5 decares. With an installed capacity of 1,400 MWt (7,000
decares) across 62 sites in 27 provinces of Turkiye, the
country accounts for half of the world’s geothermal
greenhouse heating capacity (Fig. 15) (Celmen et al., 2025).
According to national strategic plans, once current projects
(15 Geothermal GOAZs) are fully operational, an additional
capacity of 2,849 MWt (14,245 decares) will be added.
Turkiye, which will bring its total installed capacity to 4,249
MWt, will significantly increase its global market share and
capacity in this sector by heating greenhouses on a scale far
beyond the rest of the world combined. Projections suggest
that the Turkiye’s total geothermal greenhouse potential
ranges from 30,000 to 100,000 decares (Kindap, 2023; Sener
et al., 2023; Ozkan, 2024), indicating strong prospects.
Although the Biiyliik Menderes and Gediz graben systems are
the primary sources of geothermal energy in Turkiye, the
Central Anatolia Region's unexploited geothermal potential
offers a substantial strategic advantage for large-scale
agricultural clustering. The provinces of Central Anatolia
offer strategic benefits for integrated geothermal projects due
to their abundant sunshine and extensive, flat agricultural
lands. In these areas, combining geothermal fluids identified
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through geological surveys (typically 50-90 °C) with large-
scale greenhouse clusters is not just an agricultural effort but
also a regional development initiative.

Each Geothermal GOAZ established here will generate a
macroeconomic multiplier effect by stimulating a wide
network of sectors, from packaging to logistics, beyond direct
jobs. Therefore, these regions, where traditional open-field
farming is predominant and rural-to-urban migration is
ongoing, have the potential to become high-value-added
agricultural-industrial hubs.

The relationships between the infrastructure and
superstructure investment amounts, greenhouse production
areas, economic value added, and employment capacity of
Geothermal GOAZs were modeled wusing statistical
regression analysis. The findings have shown that GOAZs
are not merely facilities that standardize agricultural
productivity; they are also sustainable industrial-agricultural
complexes that accelerate regional development, encourage
reverse migration to rural areas, and provide high added
value to the national macroeconomy.

4.1. Material and Method

Data for the 9 GOAZs and 15 Geothermal GOAZs were
compiled from feasibility reports approved by the Turkish
Ministry of Agriculture (TTB, 2020-2025). Statistical
regression analyses were performed using Microsoft Excel.
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Linear regression models were fitted to examine the
relationships between the independent variables (e.g., total
area, greenhouse production capacity) and the dependent
outcome variables (e.g., infrastructure costs, permanent
employment, macroeconomic contribution). Correlation
coefficients (r) and determination coefficients (R?) were

calculated to determine the strength of the models. Regional
climatic correction factors and specific geothermal
temperature variations (typically 50-90 °C in Central
Anatolia) were treated as constant variables in the feasibility
models. The limitation of this study relies on the projected
nature of the data for GOAZs currently under construction.
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Fig. 19. The relationship between agricultural production capacity and estimated investment amounts in Geothermal GOAZs (see Table 3)

4.2. GOAZ Total Area, Greenhouse Production Area, and
Agricultural Production Capacity

In open-field agriculture, due to factors such as climatic
shocks, seasonal fluctuations, and soil exhaustion, the
relationship between cultivated areas and crop yield is often
asymmetrical and unpredictable. In contrast, in fully
controlled modern greenhouses heated by geothermal
energy, environmental risks are eliminated, and yield per
square meter is stabilized year-round and maximized to its
biological limits (Carotti et al., 2023; Sirik¢i and Cetinkaya,
2025; Boyact et al., 2025). In large-scale, planned integrated
facilities such as GOAZs, the strong positive correlation
between greenhouse production area and agricultural
production capacity (Fig. 16) demonstrates that expanding
the production area enables reliable prediction of capacity
growth and return on investment, minimizes investment risk,
and ensures food supply security and sectoral
competitiveness.

In GOAZ investments, the primary factor determining
production capacity is the greenhouse production area. For 1
ton of agricultural production, the project requires 0.0289
decares of greenhouse production area and 0.0647 decares of
total area. It is estimated that approximately 35 tons of
agricultural production can be achieved annually per 1 decare
of greenhouse production area. Accordingly, the answer to
the question of how much agricultural product can be
produced from a given plot of land is approximately 1 ton per
year for each 0.0289-decare greenhouse production area and
0.5 tons per year for each 0.0647-decare total area.

To statistically validate these quantitative thresholds, a linear
regression analysis was conducted (Fig. 16). The model
demonstrates a highly significant predictive relationship
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between the greenhouse production area and agricultural
capacity (R?=0.98, p <0.001). The regression slope confirms
the deterministic nature of this relationship, indicating a
precise capacity requirement of 0.0289 decares per ton with a
narrow error margin (95% CI: 0.0264 - 0.0314). This
exceedingly low p-value statistically verifies the clustered
GOAZ model's capacity to stabilize yields, eliminating the
unpredictability inherent in traditional, fragmented
agriculture.

4.3. Infrastructure and Superstructure Investment Costs

In geothermal greenhouse investments, capital-intensive
fixed infrastructure costs such as deep drilling, the extraction
of thermal fluid to the surface, and the installation of main
transmission lines must be incurred regardless of the project’s
surface area. Consequently, in small, dispersed geothermal
greenhouse investments, economies of scale do not operate,
causing the cost burden per unit of production capacity (tons)
and per unit of area (decares) to rise to unsustainable levels.
In contrast, in large-scale, centrally heated integrated
agricultural clusters, these very high fixed infrastructure costs
are distributed homogeneously across a large production
volume, thereby exponentially increasing the financial
feasibility of the investment and unit profitability (Lund and
Toth, 2021; Karytsas et al., 2022; Carotti et al., 2023; Rezaei
et al., 2024)

Recent techno-economic data indicate that costs for
independent and small-scale geothermal greenhouses impose
a much heavier commercial burden than those of clustered
structures (Carotti et al., 2023; IRENA, 2023a; Rezaei et al.,
2024). While infrastructure investments for greenhouse
production areas in GOAZs amount to approximately
$40,000 per decare (Fig. 17), for small and dispersed
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greenhouse production areas, the same drilling and
infrastructure costs are spread over a smaller area, resulting
in a cost range of $120,000 to $150,000 per decare (Carotti et
al., 2023; Rezaei et al., 2024). While the superstructure cost
per decare of greenhouse production area in GOAZs is
$70,000 (Fig. 18), the cost of the superstructure (greenhouse
construction, climate control, and automation) in small-scale
greenhouses ranges from $95,000 to $110,000 per decare
(Carotti et al., 2023; Rezaei et al., 2024).

In large-scale integrated systems such as GOAZ, a total
investment of $3,000 is projected for a 1-ton agricultural
production capacity, comprising an average of $1,000 for
infrastructure and $2,000 for superstructure (Fig. 19). In
small-scale and scattered greenhouse investments, however,
the infrastructure investment for a 1-ton production capacity
rises to the $3,500 to $4,500 range, making even the heating
equipment the primary investment item; while the
superstructure investment rises to $2,800 to $3,500, resulting
in a total investment of $6,300 to $8,000 per ton of

agricultural production capacity (Carotti et al., 2023; Rezaei
et al., 2024). Based on infrastructure and superstructure
investment costs, it demonstrates that large-scale, centrally
heated investments, such as GOAZs, are economically far
more profitable than small, scattered greenhouses.

To further validate the Capital Expenditure (CAPEX)
predictability, independent regression models were
established for infrastructure and superstructure investments
against spatial metrics (Figs. 17-18). The models reveal a
highly significant correlation between the greenhouse area
and infrastructure costs (R? = 0.98, p < 0.001), generating a
narrow confidence interval for area-based cost estimations
(95% CI: 23.25-27.57). Similarly, superstructure investments
yield strong deterministic fits against greenhouse area limits
(R?=10.88, p < 0.001, 95% CI: 10.86-16.84). The robust R?
values empirically prove that scaling up the physical footprint
within a clustered GOAZ systematically distributes initial
fixed costs, offering high financial predictability for
institutional fund allocations.
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Fig. 20. The relationship between the area of Geothermal GOAZs and their estimated contribution to the national economy (see Table 3)

The economic superiority of large-scale clustering is further
substantiated by regression models evaluating investment
expenditures. The analysis reveals a robust deterministic
relationship between agricultural production capacity and
estimated infrastructure investment (Fig. 19; R? = 0.86, p <
0.001). The calculated 95% Confidence Interval for the slope
coefficient (95% CI: 0.0007 - 0.0012) confirms the strictly
constrained variance in investment costs across different
project scales. Consequently, empirical evidence shows that
centralizing geothermal infrastructure across clustered
greenhouse parcels systematically minimizes per-unit capital
expenditure (CAPEX). In small, scattered greenhouse
investments, infrastructure and superstructure costs per ton
of capacity extend the payback period (IRENA, 2023a;
Rezaei et al., 2024). In contrast, centrally planned, organized
agricultural zones such as GOAZ transform geothermal
agricultural investment into a rational, globally competitive
industrial model by distributing high infrastructure and
superstructure costs evenly across a wide area.
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4.4. Contribution to the National Economy

The integration of geothermal greenhouses into the national
economy transcends a mere agricultural growth initiative; it
serves as a powerful strategic lever for energy security, rural
development, and macroeconomic stabilization.
Simultaneously, the uninterrupted 12-month production
model suppresses seasonal price fluctuations (agricultural
inflation), while the resulting high-yield and premium-quality
harvests exponentially boost the country's agricultural export
volume and competitiveness. Furthermore, the skilled
employment and technology transfer generated by the on-site
utilization of geothermal resources accelerate rural
development, providing a multifaceted and sustainable
value-add to the national economy (Mertoglu et al., 2020;
Lund and Toth, 2021; IRENA, 2023b).

It is observed that GOAZs generate $1 million in annual
revenue for the national economy from each 18.95-decacre
greenhouse production area, with a total land area of 42.72
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decares (Fig. 20). Variations in total land area stem from
project-specific spatial differences in infrastructure elements
such as administrative buildings, roads, and social amenities.
This data demonstrates the highly efficient and strategic role
that Turkiye’s abundant geothermal resource potential plays
in transforming these resources into high-value-added
economic contributions through integrated agricultural
facilities (GOAZs).

The direct translation of spatial land utilization into
macroeconomic value addition is statistically proven through
area-to-revenue models (Fig. 20). The regression of the
national economic contribution against the greenhouse
production area exhibits a near-perfect fit (R?= 0.98, p <
0.001), indicating a tightly constrained multiplier effect (95%
CI: 17.35 - 20.55 decares per 1 million USD generated). This
exceptional correlation verifies that the GOAZ model
optimizes land-use efficiency far beyond fragmented open-
field agriculture, delivering a highly bankable framework for
sovereign and international economic impact assessments.

While every 654.9 tons of production at Geothermal GOAZs
contributes $1 million directly to the national economy (Fig.
21), in small and dispersed geothermal greenhouse
operations, this value-added ratio is 30-40% lower due to
logistics costs and energy inefficiency (Zhu et al., 2022). In

these decentralized, small-scale operations, reduced heating
efficiency increases energy consumption per unit area, and
the need for each facility to make independent infrastructure
investments significantly suppresses the generated unit value
added (Rosas-Casals et al., 2022; Shortall et al., 2024). In
contrast, GOAZs maximize revenue per ton by enabling the
export of products as processed/value-added rather than in
bulk, thanks to the integrated facilities they house, such as
packaging and cold storage units. The planned clustering
model offered by Geothermal GOAZs goes beyond
minimizing energy and infrastructure losses; it is a reliable,
high-return, innovative investment model fully aligned with
macroeconomic goals that directly contributes to reducing
the current account deficit by eliminating dependence on
imported fossil fuels for heating.

One of the biggest drawbacks of traditional open-field
farming is that employment is concentrated during harvest
seasons and is both precarious and seasonal. In contrast, fully
controlled greenhouses heated by geothermal energy enable
year-round, uninterrupted production, thereby shifting the
agricultural workforce from a seasonal cycle to continuous
employment (IRENA, 2023b; Shortall et al., 2024). In
contrast, international socio-economic analyses reveal that
the employment structure in small, dispersed geothermal
greenhouse operations is of low quality (IRENA, 2023b).
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Fig. 21. The relationship between the agricultural production capacity of Geothermal Greenhouse OAZs and their estimated contribution to the national

economy (see Table 3)

In dispersed and small-scale operations, the capacity to
employ full-time qualified personnel is extremely limited due
to the absence of supporting units such as integrated
packaging, automation management, and centralized
logistics. Since these independent operations lack economies
of scale, they are forced to rely heavily on precarious and
seasonal labor (Shortall et al., 2024).

A rigorous regression analysis corroborates this
macroeconomic multiplier effect. The correlation between
agricultural production capacity and the direct national
economic contribution (Fig. 21) yields an R? of 0.96 (p <
0.001), indicating that capacity expansion accounts for the
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majority of the variance in economic value addition. The
calculated confidence intervals indicate that every 1 million
USD contributed to the economy corresponds strictly to an
increase in production capacity within a defined threshold
(95% CI: 575.0 - 734.8 tons). This robust statistical fit renders
the Geothermal GOAZ framework a mathematically
predictable asset for institutional investors and global policy
planners.

4.5. Contribution to Employment

In GOAZs, it is observed that one person is permanently
employed for every 0.67 decares of greenhouse production
area and every 1.5 decares of total area. Deviations in
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permanent employment per total area stem from spatial
variations  caused by  project-specific  logistical,
administrative, and social infrastructure requirements (Fig.
22). In these organized structures, there is a year-round
demand for skilled labor not only in basic production stages
but also in areas such as climate control, automation,
logistics, and packaging. The high capacity for year-round
employment per decare offered by GOAZs, across both the
greenhouse production sector and the total area, eliminates
the fragile labor model found in small-scale greenhouses,
providing a multi-layered and secure system that integrates
various disciplines, from engineers to packaging workers.
The capacity of GOAZ framework to generate continuous

rural employment is mathematically tied to its spatial scale
(Fig. 22).

The predictive model linking permanent employment to the
total operational area presents strong statistical significance
(R? = 0.84, p < 0.001), confirming that structural facility
expansion generates predictable job increments (95% CI:
1.11 - 1.88 decares per permanent job). Moreover, the direct
dependence of the active greenhouse area on labor
requirements strictly governs operational stability. These
metrics provide transparent, data-driven validation for ESG-
focused investors seeking to maximize socio-economic (S)
impacts among rural populations.
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Fig. 22. The relationship between the area of Geothermal GOAZs and estimated permanent employment (see Table 3)

In Geothermal GOAZs, there is one person permanently
employed for approximately 23 tons of annual agricultural
production capacity (Fig. 23). This indicates that human
resource planning for GOAZ investments can be carried out
with high precision, reliability, and predictability, aligned
with production targets. In small, independent greenhouses,
however, labor productivity is declining due to insufficient
technological integration and automation (IRENA, 2023a;
Shortall et al., 2024), and the employment requirement per
unit of tonnage fluctuates, losing its predictability. GOAZs,
however, with their continuous employment capacity,
eliminate the fluctuating labor model found in small
greenhouses; they directly accelerate rural development,
prevent rural-to-urban migration, and establish regional
prosperity on a sustainable foundation.

The capacity of Geothermal GOAZs to transition
agricultural labor into a continuous, high-quality
employment model is statistically verified. The regression
model linking production capacity to permanent
employment (Fig. 23) exhibits an exceptional fit (R? = 0.98,
p < 0.001). The statistical output confirms that a defined
production volume is strictly required to sustain continuous
rural employment (95% CI: 21.20 - 25.14 tons per person).
This demonstrates the high precision and predictability of
human resource requirements in clustered models,
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structurally validating the project's capacity to deliver
measurable Social (S) impact within global ESG frameworks
4.6. Macroeconomic Strategies and Economic Dynamics

The financial framework of Geothermal GOAZs not only
optimizes infrastructure costs and investment expenditures
but also offers strategic advantages to Turkiye within the
context of fundamental theories of the global agricultural
economy. These integrated zones provide rational solutions
to structural issues in the agricultural economy, ranging from
foreign trade dynamics in international markets to the
creation of regional added value (Fig. 24).

In traditional agriculture, seasonal constraints and time-lags
in the production cycle prevent supply from responding
simultaneously to price signals, paving the way for sudden
fluctuations in consumer prices. This cyclical price volatility,
explained by the Cobweb theorem in agricultural economics,
continually disrupts market stability because farmers base
their production decisions on the previous period's prices
(Poitras, 2023; Xie and Wang, 2017).

However, this theoretical bottleneck is eliminated by the
Geothermal GOAZ model, which uses low-temperature
geothermal fluids to enable uninterrupted production for 12
months. This climate independence in modern greenhouses
dampens Cobweb fluctuations arising from supply-demand
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mismatches, ensuring a stable flow of products to the market
(Chaudhry and Miranda, 2018). The stabilization brought
about by this continuity of supply minimizes risk in the
agricultural value chain, creating the most reliable
macroeconomic foundation for long-term, fixed-price
contract farming with institutional buyers and international
supermarket chains. Additionally, the sustainable
management of the geothermal resource (such as reinjection
strategies) ensures the long-term (20-30 years) economic
viability of the investment.

The relocation of agricultural operations squeezed within
urban areas, and the conversion of non-arable lands into
productive use are among the core objectives of Geothermal
GOAZs. In traditional open-field agriculture, while the
economic returns on high-yield lands can be substantial, the
associated land investment and operational costs are
prohibitively high. The fact that Geothermal GOAZs possess

the infrastructure for soilless agriculture (hydroponics)
enables projects to be located on marginal, low-cost
agricultural lands. This situation minimizes the opportunity
cost of investments while accelerating the project’s return on
investment (ROI) period.

Within the Geothermal GOAZs, a strong network of
industrial symbiosis is being established, with a wide range of
industries operating from crop production and fresh fruit and
vegetable packaging units to frozen food and fruit juice
production facilities. This spatial organization ensures that
harvested raw materials are processed within an integrated
value chain without leaving the region, transforming them
into final, value-added products. This structure creates a
regional macroeconomic multiplier effect through the
employment it generates and the demand it creates for
supporting industries, thereby maximizing agricultural gross
domestic product.
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Fig. 23. The relationship between the agricultural production capacity of Geothermal GOAZs and estimated permanent employment (see Table 3)

For high-tonnage production in Geothermal GOAZs to be
exported to international markets without barriers and to
generate the targeted economic value added, Good
Agricultural Practices (GAP) certifications are a strategic
necessity. The international agricultural economics literature
demonstrates that standards such as GlobalG.A.P. secure
product access to export markets and provide a significant
'premium pricing' advantage over standard products (Bui and
Nguyen, 2021). Integrated and controlled structures like
GOAZs offer a substantial operational advantage over
individual, scattered greenhouses in complying with GAP
standards, which require traceability, hygiene, and controlled
use of chemicals. The centralized management of GAP
certification within such planned agricultural clusters both
reduces audit costs and enhances operational efficiency,
thereby maximizing the return on investment and business
profitability (Niyommaneerat et al., 2022).

Consequently, GAP certifications not only guarantee food
safety and environmental sustainability but also elevate the
facility's financial and commercial performance to global
competitive standards by eliminating operational risks (such
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as chemical residues and hygiene issues) in greenhouse
systems (Schreinemachers et al., 2020).

The Carbon Border Adjustment Mechanism (CBAM)
implemented by the European Union is reshaping the rules
of competition in global trade around the principle of
environmental sustainability. This mechanism aims to
prevent carbon emissions by imposing additional carbon
costs on imported products with high carbon footprints
(Bohringer et al., 2022). When evaluated in the context of
agricultural exports, products from traditional, small-scale,
and dispersed greenhouses heated with fossil fuels such as
coal or natural gas will face a significant CBAM tax in the
EU market due to their high emissions, thereby reducing
their price competitiveness (Zhong and Pei, 2022). In
contrast, Geothermal GOAZs integrated with renewable
energy sources will be completely exempt from these
additional international tax barriers thanks to their zero-
emission heating infrastructure. The organized and
integrated use of geothermal resources does not limit GOAZ
projects to merely being an environmentally friendly model,
it also transforms them into a strategic macroeconomic
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development initiative that secures the country’s share in the
global market and its foreign exchange earnings by providing
the advantage of carbon neutrality in exports (Overland and
Sabyrbekov, 2022). The zero-emission production model

does more than just facilitate market access. It further
strengthens the project’s financial viability through an
additional revenue stream from the sale of carbon credits in
voluntary carbon markets.

MACROECONOMIC STRATEGIES AND DYNAMICS OF AGRICULTURAL ECONOMY:
TURKIYE'S STRATEGIC ADVANTAGE: GEOTHERMA REENHOUSE OAZ (Organized Agricultural Zone)
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Fig. 24. Macroeconomic strategies and the dynamics of the agricultural economy

5. Conclusion

Ultimately, the GOAZ clustering model provides a
rigorously structured, data-driven framework that seamlessly
integrates environmental sustainability with high-yield
agricultural economics. By centralizing infrastructure and
resource management under a sovereign-backed Public-
Private Partnership (PPP) governance structure, the model
effectively mitigates the high CAPEX and technical risks that
typically deter private investment in geothermal agriculture.
The statistical validation from Turkiye's mega-scale case
study unequivocally demonstrates that spatial clustering
yields strict economies of scale, thereby establishing a highly
predictable and secure asset class. Moreover, its exceptional
ESG performance, highlighted by zero-emission heating,
CBAM compliance, and gender-inclusive employment,
positions it as an ideal target for global green finance. Beyond
Turkiye's specific hydrothermal context, the inherent
adaptability of this model, enabled by shallow geothermal
heat pumps, ensures its global replicability. The GOAZ
framework is not merely a regional policy initiative; it is a
scientifically validated, scalable blueprint ready for
worldwide implementation to secure resilient food and
energy supply chains. As fully bankable, ESG-compliant
infrastructure models, GOAZs offer a standardized, turnkey
investment vehicle for governments, institutional investors,
and global climate funds worldwide.
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