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Abstract

Deploying photovoltaic (PV) systems in desert regions can support both decarbonization and ecological restoration, but conventional photovoltaic-to-
grid (PVtG) strategies face increasing integration costs, curtailment, and value deflation as deployment scales up. This study proposes a novel water—
energy—ecology coupling mode for desert PV development by integrating PVtG with onsite photovoltaic-to-hydrogen (PVtH) systems through
segmented temporal partitioning. To evaluate this nexus, we develop a nonlinear multiscale framework that enables consistent evaluation of how local
PV deployment decisions translate into system-wide decarbonization, financial cost, and biomass outcomes. Using the Kubuqi Desert—the seventh
largest desert in China—as a testbed, we identify the scaling law of PV utilization by evaluating eight temporal partition strategies across PV capacities
up to 25 gigawatts (GW). The results show that pure PVtG strategies exhibit diseconomies of scale, increasing unit cost by 1.6 X 1073
USD « (kW « h)™L. In contrast, hybrid strategies that allocate peak generation to PVtH reduce system costs by up to 1.0 X 1073 USD « (kW * h)"!. The
cost-efficient 25 GW strategy annually withdraws 25.25 million tonnes (Mt) of water, delivers 25.30 TW * h of electricity, and produces 0.36 Mt of
green hydrogen. This strategy achieves a 24 Mt reduction in CO- emissions and a 4 X 10* t increase in biomass. This hybrid approach outperforms
alternatives such as carbon capture and grass pads, with total cost savings of 0.90 billion USD. Sensitivity analysis further reveals that water availability
and grid-side storage strongly affect the optimal partition trajectory, while carbon prices of 12.86-15.43 USD + tCO:"! can close the financial gap
without subsidies. To support implementation, water and land regulations and segmented power purchase agreements (PPAs) are recommended.

Keywords: Desert ecosystem restoration, Carbon abatement, Photovoltaic-to-hydrogen (PVtH), Spatiotemporal partitioning strategy
1 Introduction

In the 21st century, climate change and desertification have made reducing carbon emissions and restoring desert ecosystems
urgent tasks, aligning with the United Nations Sustainable Development Goals (SDGs 13 and 15) [1]. Deploying photovoltaic
(PV) panels in deserts has attracted global attention in recent years [2—3]. Specifically, PV panels can increase vegetation growth
by stabilizing soil and altering microclimatic conditions: shading from PV panels reduces surface evaporation and lowers soil
temperature, thereby preserving soil moisture and promoting increases in biomass (defined below, representing the ecological
value discussed in this research) [4-9]. Moreover, clean solar energy contributes to the decarbonization of fossil fuel-based sectors.
Recognizing these dual ecological and energy benefits, China’s National Development and Reform Commission proposed
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constructing 455 gigawatts (GW) of PV and wind capacity in its desert, gobi, and barren areas by 2030 [10]. Early evidence from
completed projects, including 2 GW installed in the Kubuqi Desert by 2024 [11], demonstrates significant ecological
improvements, validating the potential for large-scale PV deployment to combat desertification.

Currently, large-scale desert PV deployment primarily adopts the photovoltaic-to-grid (PVtG) approach, which connects PV-
generated electricity to power grids via remote substations and transmission lines. However, this approach faces substantial
challenges that limit the economic—environmental performance of PV investments. First, remote PV generation is associated with
high transmission costs and accessibility barriers, significantly increasing the costs of meeting ecological goals. Second, owing
to the intermittent nature of solar energy, maintaining grid stability requires costly energy storage and complex power-balancing
solutions [12—13]. Moreover, the concentration of PV generation around midday causes notable market value deflation, reducing
prices and economic returns [14]. These technical and economic challenges limit the commercial viability of using PVtG for
decarbonization and ecological improvement.

To increase the cost-effectiveness of PV systems, we propose the use of onsite PVtH systems, which directly convert PV
electricity to green hydrogen through water electrolyzers deployed at desert PV locations. The green hydrogen produced onsite
can effectively decarbonize fossil fuel-dependent sectors traditionally, such as those involving chemical production, steelmaking,
and transportation [15-18]. Moreover, reusing cooling water from electrolyzer systems for onsite irrigation can further benefit
the ecosystem beneath PV panels. PVtH can strategically complement PVtG by optimally allocating daily generation to the grid
or to hydrogen production using customized power purchase agreements (PPAs) [19-20]. By using segmented daily utilization
profiles, compared with PVtG alone, PVtG—PVtH strategies more efficiently channel solar radiation and water resources into
carbon reduction and ecological values.

However, two important questions remain insufficiently addressed in the literature. First, although previous studies have
separately shown that PV deployment can generate ecological benefits and that PVtH can improve the value of solar electricity,
the integrated water—energy—ecology coupling mode remains unclear, particularly in terms of how water availability and use
interact with the dual pathways of grid export and hydrogen production to affect ecological restoration outcomes. Second, existing
studies have focused mainly on the performance of specific strategies at a single deployment scale, whereas the sustainability
pathway and scale effects associated with PV expansion remain underexplored. Addressing these questions requires a framework
that can jointly characterize water and PV utilization, represent the ecological effects induced by PV deployment and water use,
and propagate these coupled effects to system-level outcomes.

Methodologically, the literature has approached the problem from three largely separate directions. With respect to PVtG
deployment, previous studies have relied mainly on power system operation, dispatch, and grid integration assessments to quantify
the balancing requirements, storage needs, transmission costs, and market value deflation associated with large-scale solar
integration. With respect to PV ecology, recent studies have adopted a diverse set of methods to identify environmental responses
to PV deployment. A global meta-analysis synthesized 42 original studies to quantify changes in wind speed, soil temperature,
soil moisture, and gross primary productivity around PV plants [21]. Field monitoring in a warm-desert ecovoltaic system revealed
how panel layout and precipitation timing reshape local radiation, evaporative demand, soil temperature, and soil moisture patterns
[22]. In Inner Mongolia, a recent study applied double machine learning to estimate the causal effects of PV installations on
grassland productivity and highlighted strong spatial heterogeneity in ecological responses [23], whereas a national-scale
assessment evaluated the sustainability co-benefits of PV deployment on suitable marginal land [24]. With respect to PVtH,
existing studies have focused mainly on hydrogen-oriented systems using technoeconomic optimization and infrastructure
planning methods. In our previous study, we developed a bottom-up design framework for a desert off-grid PVtH system
integrated with water and hydrogen pipelines, showing the importance of dynamic water—power—hydrogen interactions and
coordinated pipeline design [25]. Other recent studies have used HOMER-based optimization, plant-level sizing analysis, and
regional comparison frameworks to optimize PV—electrolyzer configurations, storage, and hydrogen production economics [26—
28], whereas recent reviews have summarized the dominant architectures and design variables of standalone and off-grid PV-H-
systems [29-30]. Nevertheless, these modeling efforts remain largely disconnected, and a unified nonlinear multiscale framework
for connecting PV temporal partitioning, water-mediated ecological interactions, and system-level cost, carbon, and biomass
outcomes is still lacking.

Accordingly, the contributions of this study are threefold. First, this study proposes a new water—energy—ecology coupling
mode by integrating PVtG and PVtH through segmented temporal partitioning (Fig. 1(a)), thereby enabling solar and water
resources to jointly support both decarbonization and ecological restoration. Second, this study develops a nonlinear multiscale
modeling framework that simulates PV operation and hydrogen production at a 5 km x 5 km spatial resolution, optimizes the
infrastructure layout, and assesses the hourly impacts on energy and ecological systems across the Kubuqi Desert region in
northern China. By linking module-scale PVtH conversion, network-scale infrastructure allocation, and system-level assessments
of power, hydrogen, and ecological systems, the framework enables consistent evaluation of how local PV deployment decisions
translate into system-wide decarbonization, financial cost, and biomass outcomes. Third, this study moves beyond fixed-scale
feasibility analysis and reveals the sustainability pathway of segmented-profile PV expansion, including its scale effects, optimal
strategy evolution, and breakpoint behavior. Our results show that integrating PVtH significantly reduces the total cost of
achieving ecological and carbon-reduction targets compared with pure PVtG strategies; in particular, the optimal water—energy
synergy strategy for utilizing 25.00 GW of PV generation reduces total costs by an average of 900 million USD relative to carbon
capture and storage (CCS) and grass pads. Under suitable solar, water, land, and infrastructure conditions, this framework can be



extended to other arid regions globally, offering a scalable pathway to combine decarbonization with ecosystem restoration and
informing segmented PPAs, targeted subsidies, and integrated water—energy policies.
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Fig. 1. Water—energy—ecology nexus, case-study deployment, and evaluation framework. (a) Conceptual illustration of the proposed nexus. Blue,
orange, and green denote the water, energy, and ecology domains, respectively. PV output in the energy domain is partitioned between PVtG and PVtH,
while water supports hydrogen production and ecological restoration. The gray shaded areas enclosed by dashed outlines indicate the scopes addressed
by existing studies. The blue dashed inset illustrates temporal partition using the 25base-G and 25peak-G profiles; red and blue portions denote PVtG
and PVtH generation, respectively, and the dashed boundary separates the base and peak segments. (b) Evaluation framework, described from the
center outward. The orange, blue, and green filled sectors denote solar, water, and desert-land resources, respectively. Solid colored boundaries denote
the model domains: orange for the power-system unit commitment (UC) model; blue for the hydrogen-system hierarchy, comprising the off-grid
photovoltaic-to-hydrogen (OgPVtH) model at the module level, the water—hydrogen pipeline layout model at the network level, and hydrogen-industry
assessment at the system level; and green for the Tethys—Chloris model with biogeochemistry (T&C-BG). Gray double-headed arrows denote the
nonlinear PVtG-PVtH partition and water-for-hydrogen—water-for-ecology couplings. Outside the model domains, short dotted brown and green arcs
denote CO: emissions reduction and biomass increment, respectively, whereas the outer long-dashed red boundary denotes financial cost. Colored
outward arrows denote model outputs to the corresponding benefit and cost indicators.

2 Materials and methods

2.1 Case description

We evaluate how the deployment of desert PV panels to produce both grid power and green hydrogen can efficiently meet
environmental goals.

Land. In Inner Mongolia, the Kubuqi Desert spans 14 100 km? and is primarily composed of fixed and semifixed sandy land
with sparse vegetation (e.g., poplar, sand chrysanthemum, sand reed) [32].

Water. Water is sourced from the Yellow River [33], which supports both coal-based and electrolytic hydrogen production. In
2023, Inner Mongolia’s total water supply from the Yellow River reached 10.40 billion tonnes, with 15% allocated to ecological
purposes and 10% to industrial use. In this context, the optimal 25.00 GW PVtG—PVtH strategy in this study results in a decrease
0f 25.25 million tonnes (Mt) per year, which is substantially lower than the ~100 Mt per year currently required for regional coal-
based hydrogen production [34], whereas PVtH itself requires only ~40 kg [35-36] of water per kg H.. Water is assumed to be
supplied from legally accessible Yellow River surface-water districts already serving industrial activities in the region rather than
from additional groundwater abstraction.

Solar. The solar irradiance is ~1800 full-load PV hours annually on the basis of the ERAS-Land dataset [37-38] and is validated
by local Kubugqi Photovoltaic Power Station data.



Electricity demand. The region is part of the West Inner Mongolia grid, with a total capacity exceeding 100 GW, of which
51.53 GW is fossil-based [39].

Hydrogen demand. The nearby Ordos base produces 2 Mt Hz per year (6% of China’s total) via coal gasification, emitting 24
Mt CO: [40].

2.2 Methods
2.2.1 Models

We develop a nonlinear multiscale evaluation framework to quantify CO- reduction, biomass increase, and financial costs under
segmented-profile PV utilization, integrating high spatiotemporal resolution data (5 km % 5 km spatial resolution and 1 h temporal
resolution), as shown in Fig. 1(b). At the model level, three interconnected domains are considered: a power-system model for
the PVtG pathway (Section S3.1 in Appendix A), a hydrogen-system model for the PVtH pathway (Section S3.2 in Appendix
A ), and an ecohydrological model for the ecological pathway (Section S3.3 in Appendix A ). The power system domain is
represented by an 8760 h UC model for provincial grids and energy storage systems, which evaluates curtailment, thermal UC
and ramping, coal consumption, operational costs, and CO2 emissions under alternative PV partitioning strategies. The hydrogen
system domain combines the off-grid PV-to-hydrogen (OgPVtH) optimization model and the water—hydrogen pipeline layout
model, thereby linking module-scale water—power-hydrogen conversion with network-scale infrastructure allocation and
allowing the evaluation of hydrogen production, fossil - hydrogen substitution, sectoral CO- emissions, and associated costs. The
ecological domain is represented by the mechanistic Tethys—Chloris model with biogeochemistry (T&C-BG), which simulates
hydrological processes, surface energy balance, carbon fluxes, and vegetation dynamics, with modifications to account for both
PV shading and supplementary irrigation associated with panel cleaning and electrolyzer cooling.

These three model domains are linked through two nonlinear couplings. The first is the coupling of PV partitioning between
PVtG and PVtH, by which the same PV output between grid export and hydrogen production simultaneously reshapes grid-side
operation, hydrogen substitution, and water reuse. The second is the water-allocation coupling between water for hydrogen
production and water for ecological enhancement, through which electrolysis, cooling and cleaning processes, supplementary
irrigation, and ecological response are connected. Through these two couplings, local PV partitioning and water use decisions are
propagated across scales and sectors so that the resulting system response is not a simple linear aggregation of the power, hydrogen,
and ecological subsystems.

2.2.2 Indicators for benefits and costs

We define three key performance indicators—CO: emissions reduction, biomass increase, and financial costs—as the basis for
scenario comparisons and strategy optimization, as shown in Fig. 1(b). The baseline for comparison is the state of the power
system, hydrogen industry, and ecological systems in this region in 2025. The evaluation assumes that electricity and hydrogen
demand levels remain constant across all scenarios, allowing the impact of different PV utilization strategies to be assessed
independently.

CO: emission reduction. Carbon emissions are quantified from fossil fuel combustion in terms of both power generation and
hydrogen production. Mitigation is achieved by replacing fossil fuel-based power and coal-based hydrogen production with PV
generation and electrolytic green hydrogen. The metric is described in Section S2.2 in Appendix A.

Biomass increase. This indicator reflects the ecological benefit of quantifying the total increase in carbon stored in vegetation
biomass and soil organic matter. Carbon dynamics are simulated through fluxes across multiple pools in response to environmental
drivers—such as light, water availability, and temperature—modified by PV and hydrogen infrastructure. The metric is described
in Section S2.3 in Appendix A.

Financial cost. The cost estimation includes both infrastructure-related fixed costs and system operation-related costs. Fixed
costs include the annualized investment and operation costs of PV panels, transmission lines, substations, electrolyzers (EL),
hydrogen storage (HS), water storage (WS), water pipelines (HP), and hydrogen pipelines (WP). The operating costs include coal
consumption for power generation, additional coal consumption caused by thermal unit start-up and shut-down, and the avoided
costs from replacing fossil-based electricity and hydrogen with PV electricity and green hydrogen. Specifically, desert PV
deployment requires dedicated operation and maintenance (O&M), including fixed maintenance expenditures and regular panel
cleaning, to mitigate dust-related soiling losses. In this study, PV O&M costs are explicitly represented by fixed O&M
expenditures and the water cost of regular panel cleaning, while the corresponding cleaning-water input is incorporated into the
water balance and ecohydrological assessment. The major technoeconomic assumptions used in the cost estimation are
summarized in Table 1 [41 - 48]. All cost values in this paper are annualized for consistent comparison and evaluation; that is,
upfront investment costs are converted to annual equivalents. A lower financial cost indicates a more economically competitive
pathway, and a financial cost of zero means that the pathway no longer requires additional net financial support. The metric is
described in detail in Section S2.1 in Appendix A.

Table 1.
Key technoeconomic assumptions used for cost estimation.



Parameter Unit Baseline value  Reference

kgee * kgH>™ 8.9 [41]
Coal consumption for coal-based hydrogen production

kgee * (MW = hy' 314 [42]
Coal consumption for coal-fired power generation

kW ¢ h « kgH,! 55 [43]
Electricity consumption for electrolytic hydrogen production

USD + -« kgt 0.11 [44]
Coal price

USD « kW 428 [45]
PV capital cost

kgCO: = kgce™ 2.85 [46]
Emission factor of coal consumption in power generation

kgCO- * kgH>™! 20 [41]
Emission factor of coal-based hydrogen production

USD « « kg CO2'  0.04 [47]
CCS cost for power sector

USD -« kgCO-! 0.03 [41]
CCS cost for coal-based hydrogen sector

USD* *m2-a'! 0.14 [48]

Grass pad cost

kgce denotes kilogram of coal equivalent.
2.2.3 Scenarios

To explore viable pathways for decarbonization and ecological value in desert regions, we compare three strategies. The CCS
+ Grass Pads strategy serves as a benchmark to compare the costs of achieving environmental targets using PV strategies. The
other two strategies are grid-only utilization (PVtG) and hybrid grid use with Hz production (PVtG-PVtH). Their comparative
performance across CO: reduction, biomass carbon increase, and financial cost is assessed for different scales of PV deployment.

CCS + Grass Pads. This strategy addresses decarbonization and ecological restoration separately. CCS reduces CO: emissions
from fossil fuel-based power generation and hydrogen production. Grass pads are vegetative layers designed to stabilize soil and
prevent erosion for desert restoration. The financial costs of this strategy include investment in grass pads and CCS infrastructure.

PVtG. This strategy reduces CO: emissions by replacing conventional fossil fuel-based power generation with clean PV
generation. While PV panels do not directly influence biomass, they increase local microclimate factors, indirectly impacting
biomass growth. The financial costs include the fixed cost of the PVtG infrastructure (including the investment and operating
costs of PV panels and transmission lines) and the operating costs of the power system, which include the fuel and regulation
costs. PVtG serves as the baseline solar strategy.

PVtG-PVtH. Building on PVtG, this strategy further eliminates CO- from conventional coal-based hydrogen production by
using green electrolytic hydrogen. In terms of biomass, in addition to the indirect effects of PV, additional drip irrigation systems
are implemented to reuse water for panel cleaning and electrolyzer cooling. Financial costs for this strategy account for the fixed
cost of PVtH infrastructure in comparison with the current operating cost of hydrogen production, which includes expenses for
feedstock and fuel (primarily coal).

To operationalize the PV-based strategies, we develop partitioning schemes that allocate PV generation between PVtG and
PVtH across both spatial and temporal dimensions. Spatially, we simulate total PV deployment capacities ranging from 0 to 25.00
GW, in increments of 6.25 GW. Temporally, daily PV output is divided into base and peak segments, where the base period (blue
in the lower right panel of Fig. 1(a)) corresponds to more stable generation and the peak period (red) corresponds to greater
variability. Eight temporal allocation portfolios are constructed based on segmenting the total daily PV generation into base and
peak periods and then allocating 0, 25%, 50%, 75%, or 100% of the base or peak daily output to grid use. The labels of the eight
portfolios are shown on the strategy axes of Fig. 2; “25base-G” refers to a strategy where 25% of the daily output is considered
the base generation and allocated to PVtG, while the remaining is regarded as peak generation and allocated to PVtH. Each
portfolio label has two elements: the number indicates the percentage of the total daily PV generation, and the suffixes “base-G”
or “peak-G” specify whether PVtG receives the base or peak generation. The two extreme cases—100% PVtG and 100% PVtH—
are labeled simply as PVtG and PVtH, respectively, and represent full single-path utilization scenarios.
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Fig. 2. Financial cost components and power-system effects across PV capacities and temporal partition strategies. (a) Unit fixed cost across
combinations of PV capacity and temporal partition strategy. The color scale ranges from blue (lower cost) to red (higher cost), and gray dashed
contours denote equal annual PVtG electricity delivery (11.25, 22.50, and 33.75 TW * h). (b) Unit fixed costs of PVtH and PVtG, excluding the PV
capital cost shared by both pathways. Stacked bars on the left axis decompose PVtH cost into EL, HS, WS, HP, and WP. White squares and diamonds
denote EL annual full-load hours divided by 8760 h and HS capacity hours divided by 24 h, respectively. Black circles on the right axis denote the
PV1tG unit fixed cost. The vertical dash-dotted divider separates strategies in which PVtG receives base and peak PV segments. (¢) Unit operating cost
savings across the same capacity—strategy combinations; the color scale and equal-PVtG contours follow panel (a). (d) Reduction in coal consumption
(bars, left axis) and incremental annual peak shaving (lines with square markers, right axis) under the 25base-G (blue) and 25peak-G (red) strategies.

3 Results
3.1 Financial cost of water—energy infrastructure

3.1.1 Analysis of the fixed cost laws

We analyze unit fixed cost, defined as the (annualized) fixed cost of the PVtG and PVtH infrastructure per kilowatt hour of PV
utilization. As shown in Fig. 2(a), for a given strategy, the unit fixed cost decreases as a function of PV capacity expansion. For
a given PV capacity, when the PV utilization strategy transitions from 25base-G to PVtG over the first set of 4 strategies, the unit
cost decreases with a higher share of PVtG. When the strategy moves from 75peak-G to PVtH, the unit cost increases with a
lower share of PVtG. The contour lines represent the combinations of capacity and strategy that give a particular total TWh to the
grid, providing a reference for evaluating cost trends.

To better understand the cost structure, we separate the fixed costs into PVtG and PVtH components (Fig. 2(b)), excluding the
cost of PV panels shared by both. The fixed cost of PVtG includes substation expansion and transmission lines (unit cost 0.35—
1.76 US cents per kilowatt-hour (cents * (kW < h)™)). As the strategy shifts from 25base-G to 25peak-G, the fixed costs of PVtG
increase because of lower equipment utilization. For PVtH, the fixed cost covers the infrastructure for EL, WS and HS tanks, and
WP and HP networks. The PVtH unit fixed cost ranges from 0.5 to 1.4 USD * kg™ of hydrogen (0.86-2.57 cents * (kW * h)™).
Under the 75peak-G strategy, with PVtH consuming the base 25% of PV generation, the levelized cost is the lowest (46% EL
utilization and 13.2 h of storage). In contrast, under 75base-G, where PVtH consumes the peak 25%, the cost is the highest because
of a sharp decrease to 14% EL utilization and storage needs expanding to 33.36 hours. Overall, compared with the base-G
strategies, supplying the grid with PV peak generation (peak-G strategies) results in lower unit fixed costs.

3.1.2 Analysis of the operating cost laws



We define unit operating cost savings as the reduction in operating costs in power systems and hydrogen downstream industries
per unit of PV energy generated. The operating cost savings for the strategy — capacity space are shown in Fig. 2(c) in the same
manner as Fig. 2(a); the contour lines again represent a given level of terawatt hour delivered to the grid. For a given strategy,
unit operating cost savings decrease monotonically with increasing capacity. For a given terawatt hour supplied to the grid, when
the strategy transitions from 25base-G to PVtG (the first 4 strategies on the y-axis), and then from 75peak-G to PVtH, the unit
operating cost savings decrease first and then increase along the contour line.

With respect to the pure PVtH strategy, the unit operating cost savings are driven by the replacement of coal-based hydrogen,
reaching approximately 2.71 cents * (kW * h)™'. For the hybrid strategies combining PVtG and PVtH, the unit operating cost
savings range from 2.14 to 2.86 cents * (kW * h)™! depending on the share of PV allocated to the grid and differences in fuel and
regulation costs in the power system. We evaluate power system impacts further in terms of coal consumption and peak-shaving
requirements. Fig. 2(d) shows that 25base-G surpasses 25peak-G in terms of reduced coal consumption and lower incremental
peak shaving. Meeting peak power demand when PV energy is insufficient requires additional coal consumption because of the
more frequent on/off switching of thermal units. This results in an estimated extra coal consumption of 0.19 to 0.90 Mt.
Additionally, energy storage systems are required to ramp up and down to further balance power, which leads to an additional
0.44 to 0.73 TW of peak shaving. These impacts contribute to higher overall operating cost savings for 25base-G.

Overall, allocating base generation to PVtG provides a more cost-effective utilization path under the partitioning strategy,
balancing infrastructure investment and operational savings.

3.2 CO: reduction and biomass increase benefits

3.2.1 Analysis of the CO: reduction laws

The CO: reduction factor is defined as the net reduction in CO2 emissions (from power and industry systems) per unit of new
PV generation (kgCO2 * (kW * h)!). The CO: reduction associated with the eight temporal strategies is shown in Fig. 3(a). For
a given strategy, the CO- reduction factor decreases monotonically with increasing PV capacity. For a given increase in PV
capacity, the CO2 reduction factor increases monotonically with the PVtG ratio (from 25base-G to PVtG; from PVtH to 75peak-
G), and the reduction factor increases as PVtG supplies base generation.

In Fig. 3(a), the average CO: reduction factor for the pure PVtH strategy is only 0.28 kg * (kW * h)! across the four PV
capacity additions studied. This net change includes an increase in the COz emission factor of 0.08 kg * (kW * h)™! from newly
deployed hydrogen infrastructure. For the other seven strategies that combine PVtG with PVtH, the CO: reduction factor ranges
between 0.35 and 0.70 kg * (kW « h)!. This variation is primarily due to the structure of existing local power generation systems.
The changes in the various sources of annual power generation (compared with the no-PV expansion base case) at two PVtG
levels (11.25 and 45 TW -+ h) across the three strategies: 25base-G, PVtG, and 25peak-G are shown in Fig. 3(b). The results
indicate a large increase in PV generation and a slight increase in wind generation, offsetting part of the reduction in coal-fired
generation in the power sector. Power systems follow the economic dispatch rule, and some curtailed PV generation occurs. Thus,
effective PV utilization is related to both PV capacity and the strategy for its use. As PV capacity expands, PV curtailment rates
increase for all strategies, but the magnitude of the increase varies significantly. Specifically, at a PVtG output of 11.25 TW = h,
the PV curtailment rates increase from 2% (25base-G) to 24% (25peak-G). When the PVtG source increases to 45 TW « h, these
curtailment rates increase to 14% for 25base-G, and 47% for 25peak-G. For a given PVtG level, the curtailment rate for the
25base-G strategy is the lowest, whereas that for the 25peak-G strategy is higher because of the greater volatility in its generation
profile. Although all three strategies result in higher curtailment rates with increasing PV capacity, the curtailment rate for 25base-
G increases by only 14%, whereas that for 25peak-G increases by 23%, with a transition from the smallest addition to the greatest.
This difference in PV curtailment rates directly affects the generation from coal-fired plants, which ultimately impacts the CO-
reduction factor for PV utilization.

3.2.2 Analysis of the biomass increase

Beyond CO: emission mitigation, the ecological benefits of PV deployment are assessed through the analysis of increases in
biomass. We evaluate the effects of different strategies by quantifying the biomass per unit area (gC * m=2). As shown in Fig.
3(c), the average biomass in the natural recovery scenario is 52 gC * m™2. The addition of PV panels results in a substantial
increase of 79 gC « m2. Irrigation in the range of 30-43 mm further increases biomass by only 3 gC * m=2.

The increase in biomass due to the use of PV panels can be attributed to two key factors, as illustrated in Fig. 3(d). First, the
construction of PV panels increases surface roughness, resulting in a reduction in the wind speed from 2.10 m ¢ s™! under natural
conditions to 1.66 m ¢ s in the PV scenarios. This creates a more stable wind field within the PV station, providing windbreak
and sand-fixation effects that are beneficial for vegetation rooting and growth in desert regions. Consequently, vegetation coverage
significantly increases from 0.1 under natural conditions to 0.5 in the PV scenarios. Additionally, the reduction in wind speed and
net radiation decreases potential evaporation, increasing the soil moisture content from 0.035 to 0.044 with PV panels and to
0.046 with extra irrigation, further promoting vegetation growth.
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Fig. 3. CO: reduction and biomass responses across PV capacities and temporal partition strategies. (a) CO: emissions reduction per unit of PV
utilization. The color scale ranges from blue (lower reduction) to red (higher reduction), and gray dashed contours denote equal annual PVtG electricity
delivery. Black boxes identify the 25base-G, PVtG, and 25peak-G cases that each deliver 11.25 TW + h to the grid. (b) Changes in annual generation
by source under PVtG deliveries of 11.25 and 45 TW ¢ h for the 25base-G, PVtG, and 25peak-G strategies, respectively. Stacked colors denote coal,
gas, biomass, hydropower, wind, and PV generation, respectively. (c) Annual biomass carbon density under natural recovery (Nature), PV panels
without supplementary irrigation (PV), and PV panels with supplementary irrigation (PV_Irr). Dots denote annual values from the 30-year simulation
(1987-2016); boxes show the 25th—75th percentiles and median, and whiskers extend to 1.5 times the interquartile range. (d) Mean growing-season
soil water content (SWC; light-blue bars and inner right axis), annual precipitation (Pr; dark-blue bars and left axis), and mean wind speed (Ws; red
squares and outer right axis) for Nature, PV, and PV_Irr. Growing-season SWC is averaged from May to October over 1987-2016. IQR: Interquartile
Range.

3.3 Evolution of the optimal PV utilization strategy with PV capacity expansion

3.3.1 Analysis of cost scaling laws

We evaluate the total unit cost, defined as the sum of fixed and operating expenses, across different PV utilization strategies
and PV deployment scales. The results are presented in Fig. 4(a) (with diamonds indicating different capacity additions). For the
pure PVtG approach, the unit cost ranges from 0.95 to 1.11 cents * (kW ¢ h)™!, corresponding to an expansion from 6.25 to 25.00
GW. PVtG has an economic advantage at small scales but experiences diseconomies of scale as capacity expands to 25.00 GW,
causing the unit cost to increase by 0.16 cents * (kW ¢ h)™ and the total annualized financial cost to reach 0.50 billion USD at
25.00 GW. With respect to the pure PVtH approach, the unit cost varies narrowly, approximately 1.13 cents * (kW * h)™!, with
minor scale economies, and the total annualized financial cost is 0.51 billion USD. In the base-G strategy group, where PVtG
primarily utilizes stable base generation, and PVtH absorbs peak generation, the unit cost is effectively reduced to the 0.93—-1.06
cents * (kW * h)™! range. In contrast, for the peak-G strategy group, where PVtH uses base generation, and PVtG receives peak
generation, the unit cost increases to the 1.07—1.31 cents * (kW * h)! range. Along the optimal cost trajectory in Fig. 4(b), the
preferred PV utilization strategy transitions sequentially from 75base-G (0-12.5 GW), to 50base-G (12.50—-18.75 GW), and finally
to 25base-G (18.75-25.00 GW). The PVtH share increases from 20% to 43.75% as the PV capacity expands to 25.00 GW.
Compared with a fixed-strategy trajectory that follows 75base-G across all deployment scales, the scale-adaptive optimal
trajectory reduces the total annualized financial cost from 0.46 to 0.45 billion USD.



3.3.2 Overall benefits and costs of the optimal PV utilization trajectory

The trajectories of CO: reduction and biomass increase along the optimal (least-cost) trajectory are shown in Fig. 4(b). At the
largest scale of new PV considered (25.00 GW), the optimal trajectory will reduce CO: by 24 Mt (left axis) and increase biomass
carbon by 40 kt (right axis) annually. The total annual water withdrawal reaches approximately 25 Mt (left axis). Considering that
the unit PV investment cost ranges between 285 and 570 USD * kW-!, with the default baseline set at 428 USD » kW~! in the
above discussion, the total annualized financial cost for deploying and utilizing 25.00 GW of PV generation along the optimal
trajectory ranges from 0.06 to 0.82 billion USD, as shown in Fig. 4(c) (blue area). This corresponds to a unit CO: reduction cost
of 3-34 USD -+ tCO:", excluding the additional economic value contributed by biomass. Compared with alternative options—
deploying CCS [49] at both power and hydrogen downstream industries for CO: reduction and using grass pads [50] for desert
restoration (pink area)—the proposed strategy achieves an average total cost reduction of 0.90 billion USD for 25.00 GW PV
deployment (shown along the right y-axis of Fig. 4(c)).
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Fig. 4. Cost-efficient PV utilization trajectory and comparison with alternative mitigation and restoration measures. (a) Unit financial cost across PV
capacities and temporal partition strategies. Colored diamonds denote the four PV-capacity additions (6.25, 12.5, 18.75, and 25.00 GW); gray circles
and error bars denote the mean and 95% confidence interval for each strategy. (b) Water withdrawal (black dotted line, left axis), CO. emissions
reduction (red solid line, left axis), and biomass carbon increment (blue dashed line, right axis) along the least-cost trajectory from 75base-G to SObase-
G and then to 25base-G. White and vertically hatched regions denote the PVtG and PVtH shares, respectively, separated by the black trajectory
boundary. (c) Cumulative financial cost of the least-cost PVtG-PVtH trajectory (blue range and mean line) compared with CCS and grass pads (red
range and mean line). The PV capital-cost range is 285-570 USD * kWL, CCS costs are 43—71 USD « tCO."! for power generation and 29-57
USD + tCO:™! for coal-based hydrogen production; the grass-pad cost is fixed at 0.14 USD * m™2 = a”'. The bracket at 25.00 GW denotes the cost
reduction achieved by the PVtG—PVtH trajectory relative to the benchmark. CI: Confidence Interval.

4 Discussion and conclusions

4.1 Sensitivity analysis of the optimal strategy

To examine the robustness of the optimal PV temporal partition strategy, six key parameters are analyzed in two groups. The
first group includes internal system parameters, namely, electrolyzer efficiency, water availability, and energy storage capacity,
which affect the physical feasibility and operational flexibility of the PVtG-PVtH pathway. The second group includes external
economic and policy parameters, namely, PV capital cost, coal price, and carbon price, which affect the economic boundary
conditions and transition breakpoints of large-scale PV deployment.



4.1.1 Internal system parameters: trajectory robustness and cost deviation

For the internal system parameters, the electrolyzer efficiency is varied by +10%, the available water supply is reduced by 20%
and 40%, and the energy storage capacity is increased by 100% and 200% relative to the benchmark 3 GW per 6 GW * h capacity.
Under each perturbed case, the PV temporal partition strategy is reoptimized across PV capacities from 0 to 25.00 GW. These
reoptimized trajectories are compared with the baseline optimal trajectory in Fig. 5(a). The left axis shows the discrete temporal
partition strategy, while the right-axis markers quantify the deviation in the levelized cost of carbon reduction (LCOC), defined
as the financial cost per unit of CO: emissions reduction. Specifically, the LCOC deviation is calculated as the LCOC obtained
by retaining the baseline trajectory minus that obtained by reoptimizing the trajectory under the same perturbed condition. Thus,
a deviation closer to zero indicates stronger robustness of the baseline pathway, whereas the sign indicates whether retaining the
baseline trajectory yields a higher or lower LCOC than reoptimization does.

As shown in Fig. 5(a), the three internal parameters change this trajectory in different directions. When the electrolyzer
efficiency increases by 10%, PVtH becomes more attractive, and the optimal strategy moves directly to 25base-G across the
expansion range, indicating earlier and stronger hydrogen-side utilization. In contrast, when the electrolyzer efficiency decreases
by 10%, the optimal pathway shifts toward more PVtG-oriented utilization, remaining at PVtG or 75base-G rather than
transitioning to higher PVtH shares. This shift reflects the reduced conversion value of allocating PV electricity to hydrogen
production. Water availability has the opposite effect. When the available water is reduced by 20%, the trajectory still shifts from
75base-G to 50base-G, but the transition to 25base-G is no longer selected at the largest PV scale. When the water availability is
further reduced by 40%, the optimal trajectory remains at 75base-G throughout the expansion range. This finding indicates that
water scarcity limits the feasible scale of PVtH and prevents the system from allocating a relatively large share of peak PV
generation to hydrogen production. Storage expansion pulls the trajectory toward the grid side. When the storage capacity
increases by 100%, the optimal strategy remains at approximately 75base-G, whereas a 200% increase in storage capacity shifts
the pathway further toward PVtG-dominated utilization. This shift occurs because additional storage improves the power system’s
ability to absorb PV generation, thereby reducing the need to use PVtH as an alternative pathway for peak solar output. Overall,
electrolyzer efficiency and water availability mainly determine whether PVtH can be expanded earlier and more deeply, whereas
storage capacity determines whether grid-side flexibility can substitute for PVtH. Higher electrolyzer efficiency drives the
trajectory toward more PVtH-oriented strategies, whereas lower water availability and greater storage capacity pull the trajectory
back toward PVtG-oriented utilization.

With respect to electrolyzer efficiency, the LCOC deviation remains moderate, reaching approximately 0.10-2.24
USD -« tCOz ! at 25.00 GW under a £10% perturbation. The only negative deviation appears under the +10% efficiency case at
small PV scales. This deviation occurs because higher efficiency makes PVtH more attractive in the reoptimized pathway, but the
resulting larger PVtH share can reduce grid-side coal displacement. Therefore, the baseline pathway may yield a lower LCOC
even with a higher absolute cost. Water availability produces the largest and most scale-sensitive deviation. In the —40% water
case, the LCOC deviation is close to zero at 6.25—12.50 GW, increases to 18.75 GW, and reaches 9.18 USD « tCO>! at 25.00
GW. This finding indicates that water becomes binding only when PVtH expands to a large scale. Storage capacity has the smallest
LCOC deviation, remaining at approximately 1.05-1.12 USD * tCO2! at 25.00 GW, although it visibly shifts the optimal strategy
toward PVtG. This finding suggests that storage expansion changes the preferred allocation path more than it weakens the carbon-
cost performance of the baseline pathway. Overall, the baseline trajectory is most robust to storage expansion, moderately
sensitive to electrolyzer efficiency, and least robust to water availability. Water scarcity is therefore the key constraint for large-
scale PVtH expansion.
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Fig. 5. Sensitivity and breakpoint analyses of the segmented-profile PV expansion pathway. (a) Re-optimized PV temporal partition trajectories and
deviations in the levelized cost of carbon reduction (LCOC) under changes in internal system parameters. The black step line denotes the baseline
trajectory. Blue, red, and gray step lines denote trajectories under changes in electrolyzer efficiency (£10%), water availability (—20% and —40%), and
storage capacity (+100% and +200%), respectively; line styles and triangle or diamond markers distinguish the two cases for each parameter. Right-
axis markers show the change in LCOC relative to the baseline value at the same PV capacity; positive and negative values indicate higher and lower
LCOC, respectively. Shaded bands span the two perturbed cases for each parameter. (b) Breakpoint-implied cumulative financial cost trajectories for
PV capital expenditure (capex), coal price, and carbon price. In each subpanel, the black line denotes the baseline trajectory, colored lines denote
trajectories reconstructed at the four capacity-specific breakpoint values, and the shaded envelope spans these trajectories. Diamonds on the zero-cost
line mark the capacities at which cumulative financial cost reaches zero; numbers on the right report the corresponding breakpoint values. Baseline
parameter values are shown in black. (c¢) Stakeholder willingness-to-pay (WTP) for PV electricity and the levelized cost of electricity (LCOE). Red
circles and blue diamonds denote the WTP of PVtG and PVtH stakeholders, respectively, across capacities and temporal partition strategies. The gray
band denotes the PV LCOE range, and the vertical lines indicate assumed PV capex values of 285, 428, and 570 USD « kW1

4.1.2 External economic and policy parameters: cost robustness and breakpoint analysis

With respect to the external economic and policy parameters, PV capital cost, coal price, and carbon price are analyzed through
breakpoint-implied cumulative cost trajectories, with baseline values of 428 USD « kW', 114 USD « t™!, and 0 USD -« tCOz!,
respectively. For each external parameter, breakpoint values are identified at the PV capacities of 6.25, 12.50, 18.75, and 25.00
GW, where the cumulative financial cost reaches the zero-cost boundary. Using these breakpoint values, Fig. 5(b) reconstructs
the cumulative financial cost trajectories. The shaded envelopes show the range of cumulative costs induced by the breakpoint
values of each parameter.

As shown in Fig. 5(b), the baseline cumulative financial cost increases monotonically with PV capacity and reaches
approximately 0.45 billion USD at 25.00 GW, indicating that large-scale deployment still requires additional economic support
under the benchmark assumptions. The three external parameters reduce this cumulative cost through different channels. PV
capex has the strongest direct effect because it changes the investment base of all PV-based strategies. As the PV capacity expands
from 6.25 to 25.00 GW, the zero-cost breakpoint of the PV capex decreases from 269 to 114 USD * kW™, corresponding to a
reduction of approximately 37% to 73% relative to the baseline value of 428 USD « kW™!. This declining breakpoint indicates
that larger PV deployment requires increasingly lower investment costs to fully offset the cumulative financial burden. Coal price
affects the avoided cost of replacing coal-based power generation and coal-based hydrogen production. Its zero-cost breakpoint
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increases slightly from 151 to 158 USD + - t™! with expanding PV capacity, corresponding to an increase of approximately 32%
to 39% relative to the baseline coal price of 114 USD + = t'!. This result suggests that higher coal prices improve the economic
competitiveness of PVtG - PVtH deployment, but the increase in the required coal price becomes slightly greater at higher PV
capacities because marginal PV utilization faces stronger integration and conversion costs. Carbon prices provide a policy-based
value for avoiding fossil CO: emissions. Because the baseline carbon price is zero, the breakpoint is interpreted as an absolute
threshold rather than a relative change. The required carbon price increases from 12.86 to 15.43 USD ¢ + tCO.! as the PV
capacity expands from 6.25 to 25.00 GW. This moderate upward trend indicates that carbon pricing can effectively close the
financial gap, but larger PV deployment requires a higher carbon value to compensate for declining marginal returns and rising
system-integration costs. Overall, the PV capex determines the investment-cost floor of the pathway, whereas coal and carbon
prices determine the value of fossil-fuel substitution. With increasing PV capacity, all three breakpoints move in a direction that
implies that stronger economic conditions are needed for zero-cost deployment: lower PV capex, higher coal price, or higher
carbon price.

4.2 Policy insights and engineering deployment
4.2.1 Water and land regulation

Policy support is needed to translate the optimized PVtG-PVtH trajectory into practical deployment. The first requirement is
the coordinated regulation of land and water use. Hybrid PVtG-PVtH projects should be permitted only where surface-water
access is legally available within existing industrial or ecological water-use quotas and where additional groundwater abstraction
can be avoided. Land use regulation should also distinguish areas suitable for PV construction, ecological restoration, water
storage, hydrogen production, and pipeline corridors. Such integrated zoning would help ensure that PV deployment, hydrogen
production, and ecological restoration are planned as a coupled water—energy—land system rather than as separate sectoral projects.

4.2.2 Segmented PPAs pricing and targeted subsidies

The preceding analysis adopts a top-down planning perspective. Practical deployment, however, requires incentive alignment
among governments, grid utilities, and hydrogen producers. We therefore propose a segmented PPAs mechanism in which the
government supports PV deployment for ecological restoration, while grid utilities and hydrogen producers purchase PV
electricity according to differentiated temporal profiles.

To evaluate this mechanism, we estimate the willingness to pay (WTP) for PV electricity from grid and hydrogen stakeholders
under different PV scales and partitioning strategies. The WTP represents the maximum electricity price each stakeholder can
afford while keeping PVtG or PVtH costs comparable to those of fossil-based alternatives in the absence of carbon pricing. By
comparing WTP with the current levelized cost of electricity (LCOE) for PV, we identify feasible pricing ranges for different PV
segments.

The WTP of grid utilities ranges from 0.14 to 2.29 cents * (kW * h)™', whereas that of hydrogen producers ranges from 0.14 to
1.86 cents * (kW = h)™'(Fig. 5(c)). Both stakeholders assign higher values to stable base generation, but their WTP ranges are not
symmetric. This asymmetry supports a tiered PPAs design in which stable base generation is associated with a higher price,
whereas lower-value peak generation is priced lower and can be directed to hydrogen production.

Targeted subsidies are needed when the WTP of a stakeholder is below the PV LCOE. Along the optimal trajectory from
75base-G to S0base-G and then to 25base-G, the required average subsidies are 0.14-0.42 cents * (kW * h)! for grid use and
1.29-2.43 cents * (kW + h)™! for hydrogen production, assuming a mid-range PV capital cost of 428 USD * kW1, The total
subsidy required for the 25.00 GW optimal trajectory is 0.45 billion USD, including 0.34 billion USD for hydrogen producers
and 0.11 billion USD for grid utilities. These subsidies lower realized PPAs prices and help align financial incentives with carbon
reduction and ecological restoration goals.

4.2.3 Engineering applicability

At the engineering level, transferring this framework to other desert regions requires five boundary conditions: a legally
accessible nongroundwater water supply, land suitable for both PV construction and ecological restoration, sufficient solar
resources, accessible grid infrastructure, and nearby hydrogen demand or transport infrastructure. Beyond these requirements, the
ecological response remains an open and site-specific factor because the effects of PV infrastructure on wind speed, soil moisture,
vegetation growth, and water balance depend strongly on local climate and ecosystem conditions. Therefore, applying the
proposed framework should be understood as localized adaptation under these engineering boundary conditions rather than direct
replication of the Kubugqi case.

4.2.4 Monitoring and safety requirements

Future engineering demonstrations should include measurement systems for validating hydrogen, carbon, and water balances.
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Hydrogen production and purity should be monitored at electrolyzer outlets and storage interfaces using flow meters and gas
analyzers. CO: emissions from baseline fossil-based systems should be quantified using plant-level fuel-consumption records and
continuous emission monitoring systems. Water withdrawal, reuse, and loss should also be recorded to verify the assumed water
balance.

Hydrogen safety is another prerequisite for deployment. PVtH systems should include leak detection, ventilation, explosion-
proof equipment, emergency shutdown systems, and appropriate separation distances around electrolyzers, storage tanks, and
pipeline interfaces. Detailed hazard analysis and quantitative risk assessment are beyond the scope of this planning study but
should be included in future pilot and commercial designs.

5. Conclusions

This study establishes a nonlinear multiscale framework for evaluating water—energy—ecology coupling in desert PV
development. The Kubuqi case reveals a clear scaling pattern in terms of PV utilization. The cost-efficient trajectory shifts from
75base-G to 50base-G and then to 25base-G, increasing the role of PVtH as PV deployment expands. At 25.00 GW, this pathway
delivers 25.30 TW -« h of electricity, produces 0.36 Mt of green hydrogen, reduces CO- emissions by 24 Mt, and increases biomass
carbon by 40 kt, with total cost savings of 0.90 billion USD compared with the CCS and grass-pad benchmarks.

The sensitivity analysis shows that the optimal PVtG—PVtH pathway is adaptive rather than fixed. Storage expansion has the
strongest effect on the optimal trajectory, shifting the strategy back toward PVtG by improving the grid-side flexibility and
reducing the need for hydrogen as a peak-PV outlet. Water availability is the most scale-sensitive constraint for PVtH expansion,
with the LCOC deviation rising sharply at large PV capacities under severe water reduction. Electrolyzer efficiency affects mainly
the conversion value of PVtH, while PV capital cost and coal price reshape the economic boundary of large-scale deployment by
changing the investment floor and fossil-fuel substitution value. These findings suggest that future desert PV planning should
move beyond single-sector capacity expansion toward integrated water, land, power, hydrogen, and ecological governance,
supported by segmented PPAs, targeted incentives, and region-specific resource regulation.

One main limitation of this study is that the base—peak partition is derived from medium- to long-term planning profiles rather
than being dynamically corrected with short-term PV forecast errors or market fluctuations. Future work could develop a rolling
correction mechanism for the partition threshold, allowing the PVtG-PVtH allocation to be updated with improved forecasts
while remaining within the feasibility region defined by the installed PV, grid, electrolyzer, storage, water, and hydrogen
infrastructure. Further extensions could incorporate electricity market mechanisms and heterogeneous substitution costs across
downstream sectors, such as chemicals, steel, and transportation. This approach would support the design of staged pathways,
where green electricity and hydrogen are first directed to high-value or high-emission substitution opportunities and then gradually
expanded to broader industrial and energy applications.
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(i) A water—energy—ecology nexus is proposed for desert PV development.
(ii) PV generation is partitioned between grid electricity and green hydrogen.

(ii1) A nonlinear multi-scale framework links module, network, and system levels.
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(iv) Hybrid PVtG-PVtH reduces system costs by up to 0.10 cents/kWh.

(v) Scaling PVtH improves sustainability as grid-side PV value declines.

Declaration of Interest Statement

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate Editor/Guest Editor for
this journal and was not involved in the editorial review or the decision to publish this article.

[] The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Jiarong Li

16



