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A Sequential EnergyPlus–DSSAT Framework for Assessing 2 

Energy Use, Environmental Control and Wheat Production in 3 

Vertical Farming 4 

Abstract 5 

Purpose: Engineering assessment of vertical wheat farming requires coordinated evaluation of energy use, 6 

environmental control and crop production. This study develops a sequential framework linking independent 7 

EnergyPlus and DSSAT CERES-Wheat simulations. 8 

Methods: The interface translates lighting and thermal inputs, reconciles crop-cycle outputs with annual 9 

facility energy, and applies crop-input-state equivalence checks to determine when crop simulations require 10 

re-execution or conditional reuse. A hypothetical five-tier wheat facility in Timimoun, Algeria, provides a 11 

computational demonstration, including a matched-envelope LED-efficiency comparison, output verification, 12 

crop plausibility assessment and plant-load sensitivities. 13 

Results: The reference crop simulation predicted 4,999 kg ha⁻¹ of grain over 72 days. Increasing LED photon 14 

efficacy from 2.7 to 3.5 µmol J⁻¹ reduced simulated annual electricity use from 6.806 to 5.331 GWh (21.7%) 15 

in a matched-envelope comparison, but annual hours above 60% relative humidity increased from four to 224. 16 

Daily maximum and minimum crop-zone temperatures agreed at DSSAT input precision (0.1°C) on all 72 17 

days of the tested window. In a separate load sensitivity, increasing prescribed latent load from 80 to 547 W 18 

m⁻² raised annual site energy by 19.0% and cooling electricity by 69.1%. 19 

Conclusion: The sequential interface enables traceable comparative building–crop assessment and reveals 20 

energy–humidity-control trade-offs. Crop-output reuse is conditional on unchanged remaining crop inputs and 21 

cannot be assumed across untested annual cycles. The hypothetical facility has not been experimentally 22 

validated, and the approach is not dynamic crop–building co-simulation. 23 

Keywords: Controlled-environment agriculture; Vertical wheat farming; EnergyPlus; DSSAT CERES-24 

Wheat; Building–crop modelling; Environmental control 25 
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1. Introduction 26 

Controlled-environment agriculture (CEA) enables crop production under managed environmental conditions 27 

that are partially or fully independent of outdoor climatic variability. In fully enclosed vertical farming 28 

systems, artificial lighting, heating, cooling, ventilation, moisture removal and carbon dioxide (CO₂) 29 

management are used to maintain conditions suitable for crop development. Although these systems offer 30 

opportunities for intensive production and repeated growing cycles, their operation is associated with 31 

substantial energy requirements. Artificial lighting and environmental conditioning are particularly important 32 

contributors to electricity demand, making energy performance a fundamental consideration in the 33 

engineering design and assessment of indoor farming facilities (Graamans et al., 2018). Consequently, 34 

evaluating such facilities requires more than quantifying building energy consumption independently of 35 

agricultural productivity. The growing environment maintained by the building influences crop development, 36 

while crop-lighting requirements and plant-related heat and moisture exchanges influence the building's 37 

operational performance. 38 

This interdependence creates an important engineering challenge when evaluating technologies intended to 39 

improve the efficiency of controlled-environment production. For example, increasing the photon efficacy of 40 

light-emitting diode (LED) systems reduces the electrical power required to maintain a prescribed 41 

photosynthetic photon flux density (PPFD). However, changes in lighting power can also modify internal 42 

sensible heat gains, cooling requirements and moisture-removal performance. A reduction in electricity 43 

demand therefore does not necessarily demonstrate that the facility continues to maintain its intended growing 44 

conditions. Previous studies have established the importance of representing crop-related processes within 45 

building-energy assessment. Graamans et al. (2017) examined crop transpiration and its implications for plant-46 

factory climate control, while Graamans et al. (2020) investigated interactions between building 47 

configuration, crop-related loads and energy demand. Liebman-Pelaez et al. (2021) incorporated plant 48 

evapotranspiration and cooling-system performance into an EnergyPlus model of an operational hydroponic 49 

container farm, demonstrating the relevance of crop-specific environmental processes to building simulation. 50 
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More recent research has advanced the integration of crop and building processes through dynamically 51 

coupled modelling approaches. Talbot and Monfet (2024a, 2024b) combined crop growth, crop energy 52 

balance and building simulation to examine the relationships between environmental conditions, energy 53 

consumption and crop productivity. Larochelle Martin and Monfet (2025) incorporated crop-level energy-54 

balance calculations into EnergyPlus through its Python application programming interface, enabling crop 55 

sensible and latent heat exchanges to interact with building simulation. Esmaeli Sooderjani et al. (2026) 56 

developed a control-oriented modelling approach integrating crop growth, indoor environmental conditions 57 

and local environmental-control systems. These developments demonstrate the value of resolving plant–58 

environment interactions within integrated simulation architectures. Such approaches are particularly relevant 59 

where short-timescale physiological feedback, canopy heat and moisture exchange, and environmental-60 

control dynamics constitute the principal research objectives. 61 

An alternative modelling approach involves retaining established process-based agronomic models as 62 

independent computational environments. Models such as the Decision Support System for Agrotechnology 63 

Transfer (DSSAT) CERES-Wheat simulate crop phenology, biomass accumulation, grain formation and 64 

responses to environmental and management conditions across a complete production cycle (Jones et al., 65 

2003). Earlier applications of CERES-Wheat to controlled growth environments investigated radiation-use 66 

efficiency and temperature-control strategies, establishing precedents for process-based wheat modelling 67 

under managed environmental conditions (Tubiello et al., 1997; Volk et al., 1997). Asseng et al. (2020) further 68 

examined the potential productivity of wheat under intensive controlled-environment conditions while 69 

identifying substantial artificial-lighting energy requirements. Wheat therefore provides a relevant 70 

engineering demonstration case because its assessment involves both the energy required to establish 71 

controlled growing conditions and the simulation of reproductive development and grain production over a 72 

complete crop cycle. 73 

However, integrating an independent process-based crop model with whole-building energy simulation 74 

introduces methodological challenges that are not resolved simply by combining the outputs of two software 75 

environments. The models represent related physical processes through different quantities, units, temporal 76 
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resolutions and spatial bases. Crop-light requirements, for example, are defined biologically through PPFD 77 

and photoperiod, represented in EnergyPlus through electrical lighting demand and associated internal heat 78 

gains, and supplied to DSSAT through a daily radiation input. These representations are physically related 79 

but are not interchangeable. Likewise, EnergyPlus can provide hourly or sub-hourly indoor air-temperature 80 

predictions, whereas DSSAT requires daily maximum and minimum temperatures. Crop-model outputs also 81 

relate to individual production cycles and productive growing area, while building-energy results commonly 82 

represent annual facility-level operation. Integrated assessment consequently requires explicit translation and 83 

reconciliation of these quantities, together with recognition of the assumptions introduced by the 84 

corresponding conversions. 85 

A further challenge concerns the dependency of crop-model predictions on changes introduced within the 86 

building-energy model. Modifications to PPFD, photoperiod, realised indoor temperature or other crop-87 

relevant conditions may alter crop development and require a new agronomic simulation. Conversely, 88 

improvements in equipment efficiency or changes to electricity-generation systems may affect building-89 

energy performance without changing the environmental inputs represented by the crop model. Nevertheless, 90 

an energy-system modification cannot automatically be assumed to preserve crop conditions, because changes 91 

in electrical and thermal loads may also influence the realised indoor environment. Reusing crop-model 92 

outputs without verifying the relevant input conditions can therefore combine building-energy and crop-93 

production results derived from incompatible simulation states. A transparent sequential assessment must 94 

consequently distinguish between modifications requiring crop-model re-execution and those permitting 95 

conditional reuse of previously accepted results, while retaining the provenance of each simulation output. 96 

 97 

Although existing studies demonstrate important advances in crop-aware building simulation, dynamic plant–98 

environment modelling and process-based agricultural prediction, a distinct methodological issue remains 99 

when established building-energy and crop-development models are retained as independent simulation 100 

engines. The contribution pursued here is not the introduction of a new crop-growth model, building-energy 101 

solver or fully bidirectional co-simulation architecture. Rather, it is the development and evaluation of an 102 
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explicit sequential interface that combines physically consistent cross-domain translation, dependency-based 103 

simulation decisions, traceable crop-output reuse and integrated assessment of energy and environmental-104 

control performance. By distinguishing crop-input equivalence from the adequacy of building environmental 105 

control, the procedure supports comparative engineering assessments without assuming that lower energy 106 

consumption necessarily produces an acceptable growing environment. 107 

Accordingly, this study develops a sequential interoperability framework linking EnergyPlus whole-building 108 

simulation with DSSAT CERES-Wheat for the assessment of controlled-environment wheat production. The 109 

specific objectives are to: (i) establish consistent transformations between crop-light requirements, electrical 110 

energy demand and crop-model environmental inputs; (ii) reconcile hourly building-environment predictions 111 

and annual energy outputs with daily crop-model inputs and crop-cycle production; (iii) establish dependency-112 

based criteria for crop-model re-simulation and conditional output reuse, supported by scenario-level 113 

provenance; and (iv) evaluate the sensitivity of integrated engineering conclusions to lighting efficiency, 114 

environmental-control performance and prescribed plant-related thermal and moisture loads. Together, these 115 

objectives address the methodological requirements for conducting auditable comparative assessments using 116 

independent building and agricultural simulation models. 117 

 118 

The framework is demonstrated using a hypothetical five-tier vertical wheat-production facility in the hot-119 

arid climate of Timimoun, Algeria. The assessment combines EnergyPlus simulations of operational energy 120 

and indoor environmental conditions with DSSAT predictions of wheat development and grain production. 121 

Computational verification, crop-output plausibility assessment, cross-domain input-consistency checks and 122 

plant-load sensitivity analyses are used to examine the credibility and limitations of the integrated procedure. 123 

A representative matched-envelope comparison demonstrates that improved LED photon efficacy can reduce 124 

simulated annual electricity consumption by 21.7% while increasing the number of hours exceeding the 125 

specified relative-humidity threshold. Separate crop-moisture-load sensitivity analyses further demonstrate 126 

substantial variation in cooling electricity and environmental-control performance. These findings illustrate 127 

why lighting efficiency, crop-related loads and environmental-control adequacy must be considered together 128 
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in controlled-environment agricultural engineering. As the facility represents a computational demonstration 129 

rather than an operating farm, the results are interpreted as conditional comparative predictions, not 130 

empirically validated estimates of commercial performance. 131 

2. State of the Art and Methodological Gap 132 

2.1 Modelling approaches for integrated building–crop assessment 133 

Research on controlled-environment agriculture (CEA) has established several approaches for evaluating the 134 

relationships between crop production, indoor environmental conditions and operational energy demand. 135 

These approaches differ primarily in their representation of crop processes, treatment of plant–environment 136 

feedback and level of computational integration. For the present study, the relevant distinction is between 137 

building-centred energy models incorporating crop-related loads, dynamically integrated crop–building 138 

models and independent process-based agronomic models. Each provides different analytical capabilities, and 139 

their suitability depends on the engineering questions being addressed. 140 

 141 

Building-centred approaches have provided the basis for evaluating energy requirements and building-design 142 

strategies in controlled-environment production. Harbick and Albright (2016) assessed greenhouse and plant-143 

factory energy consumption under contrasting climatic conditions, while Graamans et al. (2020) combined 144 

EnergyPlus with a crop-transpiration representation to investigate the influence of façade design on plant-145 

factory energy demand. These studies demonstrated how lighting requirements, building configuration and 146 

plant-related heat and moisture exchanges affect environmental-conditioning loads. Graamans et al. (2017, 147 

2018) further established the importance of crop-specific physical representation by examining crop 148 

transpiration and resource-use relationships, and Liebman-Pelaez et al. (2021) provided empirical support for 149 

crop-aware building-energy prediction through a calibrated EnergyPlus model of an operational hydroponic 150 

container farm. 151 

A complementary research direction has focused on resolving crop–environment interactions within 152 

dynamically integrated simulation architectures. Talbot and Monfet (2024a, 2024b) coupled crop growth and 153 

energy-balance calculations with TRNSYS, enabling the combined evaluation of environmental conditions, 154 
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crop yield and building-energy performance. Larochelle Martin and Monfet (2025) incorporated crop-level 155 

sensible and latent heat exchanges into EnergyPlus through its Python application programming interface and 156 

an iterative solution procedure. Esmaeli Sooderjani et al. (2026) further demonstrated a dynamic control-157 

oriented approach integrating crop growth, indoor climate states and environmental-control processes. These 158 

studies show the capabilities of architectures in which selected plant and environmental variables interact 159 

during simulation, particularly for investigating short-timescale feedback and control responses. 160 

 161 

Independent process-based agronomic modelling provides a different capability by retaining established crop-162 

development representations. Asseng et al. (2020), for example, employed DSSAT-NWheat and SIMPLE 163 

alongside controlled-environment wheat evidence to examine grain-production potential under intensive 164 

growing conditions. Such models support the assessment of phenological development, biomass accumulation 165 

and reproductive yield over a complete crop cycle. However, their agricultural input structures and 166 

computational responsibilities differ from those of whole-building energy models. 167 

The methodological characteristics of these studies are compared in Table 1. The comparison focuses on the 168 

capabilities demonstrated by each approach and the remaining requirements relevant to sequential integration. 169 

It does not imply that dynamic integration, building-centred simulation or independent agronomic modelling 170 

is inherently preferable. 171 

Table 1. Methodological positioning of representative building–crop modelling approaches for controlled-environment 172 
agriculture. 173 

Study Modelling approach Principal contribution and scope 

Harbick and Albright 

(2016) 
Building heat-balance modelling with 

prescribed crop-light requirements 

Evaluates greenhouse and plant-factory energy demand across 

climatic conditions; crop-development response is not 

recalculated dynamically. 

Graamans et al. (2017, 

2018) 
Crop-transpiration, climate and 

resource-balance modelling 

Quantifies crop-related moisture exchange and resource-use 

relationships; does not establish dependency-based output reuse 

between independent simulation engines. 

Graamans et al. (2020) 
EnergyPlus coupled with a crop-

transpiration representation 
Evaluates façade-related energy and environmental-conditioning 

implications; primarily focuses on building-side performance. 

Liebman-Pelaez et al. 

(2021) 
Empirically calibrated EnergyPlus 

incorporating plant evapotranspiration 

Demonstrates crop-aware building-energy prediction supported 

by operational measurements; does not independently resolve 

cereal phenology and grain formation. 

Talbot and Monfet (2024a, 

2024b) 

Dynamically integrated crop-growth 

and crop-energy-balance modelling in 

TRNSYS 

Evaluates interactions between crop growth, environmental 

conditions and energy demand within an integrated architecture. 
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Study Modelling approach Principal contribution and scope 

Larochelle Martin and 

Monfet (2025) 
EnergyPlus Python API with iterative 

crop-energy-balance calculations 

Resolves crop sensible and latent heat exchange during building 

simulation rather than coordinating an independent full-cycle 

agronomic engine. 

Esmaeli Sooderjani et al. 

(2026) 
Dynamic crop–climate–control 

modelling 
Integrates crop growth, indoor climate and environmental-control 

dynamics, supported by experimental evaluation. 

Asseng et al. (2020) 
Process-based wheat models and 

controlled-environment experimental 

evidence 

Applies agronomic models to indoor wheat productivity; does 

not develop an interface with whole-building energy simulation. 

Source: Authors’ synthesis of the cited publications. 174 

The literature demonstrates that increasingly detailed crop-related processes can be represented within 175 

building or environmental-control models, while established agronomic models can provide complementary 176 

information on crop development and production. The resulting distinction is not simply one of model 177 

sophistication. Dynamically integrated approaches prioritise resolving interacting physiological and 178 

environmental states, whereas retaining an independent agronomic engine introduces additional requirements 179 

for the consistency, dependency, and provenance of information exchanged between simulation domains. 180 

These requirements form the focus of the present study. 181 

2.2 Independent process-based crop models as an interoperability problem 182 

When whole-building energy simulation and process-based crop modelling are performed in separate 183 

computational environments, their integration requires explicit management of the relationships between 184 

model inputs, outputs and underlying assumptions. Successful execution of both models does not, by itself, 185 

establish that their results represent a consistent production scenario. The central methodological issue is 186 

therefore the preservation of physical meaning and computational dependency when information is exchanged 187 

between independently developed simulation systems. 188 

A first requirement concerns the interpretation of variables shared across modelling domains. Quantities 189 

describing the same growing condition may differ in their physical definitions and roles within each model. 190 

For example, crop-light exposure, electrical lighting demand and agricultural radiation inputs represent related 191 

but distinct aspects of controlled illumination. Their integration requires documented transformations and 192 

recognition of the assumptions introduced when artificial-light conditions are represented within an 193 

agronomic model originally developed for different radiation environments. Similar considerations apply to 194 

environmental variables that are prescribed in one model but calculated as realised conditions in another. 195 
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Without explicit interpretation, numerically compatible inputs may nevertheless represent physically different 196 

conditions. 197 

A second requirement concerns temporal and spatial consistency. Building simulation and agronomic 198 

modelling commonly operate at different time resolutions and report outputs using different assessment 199 

periods and area definitions. This distinction is particularly relevant to multi-tier crop production, where 200 

productive growing surface and building floor area are not equivalent. Combining annual building-energy 201 

demand with crop-cycle yield consequently requires a common assessment basis and transparent treatment of 202 

the assumptions involved. These reconciliation procedures are essential for interpreting integrated energy-203 

per-production indicators but do not, independently, establish the validity of the underlying crop or building 204 

predictions. 205 

A third requirement concerns the propagation of scenario modifications between independent models. In 206 

comparative engineering assessments, a modification introduced in one domain does not necessarily require 207 

re-execution of every simulation component. The relevant dependency is determined by whether the 208 

modification changes an input represented by the receiving model. Crop-model results are conditional on the 209 

environmental, biological and management inputs from which they were generated. Reusing those results 210 

after an engineering modification is therefore justified only when the corresponding crop-relevant input state 211 

remains equivalent to that of the originating simulation. 212 

This distinction is important because the nominal purpose of a modification does not necessarily determine 213 

its consequences across modelling domains. A change intended to improve electrical efficiency may also 214 

influence building heat gains and the simulated indoor environment. Conversely, modifications to electricity-215 

generation systems may alter facility-level energy indicators without changing the crop-model inputs. A 216 

sequential assessment must therefore base re-simulation decisions on verified model dependencies rather than 217 

assumed similarities between scenarios. The provenance of reused results must also be retained so that 218 

inherited crop outputs are not misrepresented as independent simulation outcomes. 219 

A fourth requirement concerns the credibility and interpretation of integrated results. Input consistency, 220 

computational verification and physical validation address different questions. Agreement between the crop-221 
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relevant inputs of two scenarios may support reuse of a previously calculated crop response, but it does not 222 

establish that the building adequately maintains all intended environmental conditions. Similarly, successful 223 

model execution and biologically plausible outputs do not constitute empirical validation of an entire 224 

controlled-environment facility. 225 

These distinctions are especially consequential where plant-related sensible and latent heat exchanges are 226 

represented through prescribed building loads rather than continuously updated from crop development. Such 227 

assumptions can influence environmental-conditioning predictions without being resolved directly by the 228 

independent crop model. Their effects must therefore be considered separately when interpreting the 229 

credibility of engineering comparisons. 230 

The methodological requirements identified here can be summarised as physical consistency, temporal and 231 

spatial reconciliation, dependency-aware model execution, output provenance and explicit treatment of 232 

uncertainty. Together, they define the conditions under which independent building and crop simulations can 233 

support a coherent comparative assessment. The specific implementation of these requirements is developed 234 

in the subsequent methodological sections. 235 

2.3. Research gap and positioning of the present study 236 

The literature reviewed above establishes the value of building-energy simulation, dynamic crop–environment 237 

integration and process-based agronomic modelling for controlled-environment agriculture. However, these 238 

research directions address different computational responsibilities. Building-centred studies principally 239 

examine energy demand and environmental-conditioning processes; dynamically integrated approaches 240 

resolve selected plant–environment interactions during simulation; and independent agronomic models 241 

represent crop development and production within specialised agricultural frameworks. 242 

The methodological gap considered here concerns how independently executed whole-building and process-243 

based crop models can be coordinated so that comparative engineering scenarios remain physically consistent, 244 

computationally traceable and appropriately interpreted. Although the representative studies provide 245 

important components of integrated assessment, they do not, as reported, jointly document a dependency-246 

aware procedure for the specific combination of independent whole-building and full-cycle wheat simulation 247 
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that governs crop-model re-execution, establishes conditions for output reuse, reconciles their different 248 

assessment bases and preserves the provenance of inherited results. 249 

Addressing this gap requires more than establishing a pathway for transferring variables between software 250 

environments. In particular, a defensible comparative procedure must distinguish between changes that 251 

invalidate the environmental or management basis of a crop prediction and changes whose effects remain 252 

confined to the building-energy domain. It must also recognise that equivalence of crop-model inputs and 253 

adequacy of environmental control are separate assessment conditions. Without these distinctions, apparent 254 

improvements in energy performance may be evaluated using crop outputs that are no longer applicable, or 255 

may be interpreted without sufficient consideration of changes in the indoor environment. 256 

The methodological contribution of the present study lies in establishing and evaluating a dependency-aware 257 

sequential procedure for integrating independently executed building-energy and process-based crop 258 

simulations. Rather than treating model integration as direct data exchange, the framework identifies crop-259 

relevant conditions governing simulation validity, distinguishes modifications requiring crop-model re-260 

execution from those permitting conditional output reuse, and preserves the provenance of inherited results. 261 

The procedure also provides a consistent basis for combining annual building-energy and crop-production 262 

quantities while assessing environmental-control performance and sensitivity to prescribed crop-related loads. 263 

The framework is demonstrated through controlled-environment wheat-farming scenarios involving changes 264 

to crop-light exposure, lighting technology and building-related operating conditions. These comparisons are 265 

used to examine whether model-dependency decisions remain consistent with the translated crop inputs and 266 

whether improvements in energy performance are accompanied by acceptable environmental-control 267 

outcomes. The contribution is therefore evaluated through the application of explicit consistency and decision 268 

criteria, rather than through the combined execution of EnergyPlus and DSSAT alone. 269 

The proposed approach does not replace dynamically integrated crop–building models or claim to reproduce 270 

continuous physiological feedback. Nor does it constitute an empirically calibrated prediction of commercial 271 

wheat-farm performance. Its intended contribution is a transparent and auditable methodology for 272 
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comparative engineering assessment using independent disciplinary models, with the limitations of sequential 273 

coupling and simplified crop-related loads explicitly recognised. 274 

3. Proposed Sequential Interoperability Framework 275 

3.1 Framework architecture and model roles 276 

The proposed framework integrates whole-building energy simulation and process-based crop modelling 277 

through a sequential procedure in which both simulation engines retain their independent computational 278 

structures. Rather than introducing a new simulation solver or continuous runtime coupling, the framework 279 

establishes an explicit interface for exchanging crop-relevant information, evaluating model dependencies and 280 

combining outputs on a consistent assessment basis. 281 

EnergyPlus represents the building envelope, internal heat gains, artificial-lighting electricity, environmental-282 

conditioning systems, auxiliary equipment and, where applicable, electricity-generation systems. Its principal 283 

outputs for the integrated assessment are operational energy use and the realised indoor thermal conditions. 284 

EnergyPlus is an established whole-building energy simulation program (Crawley et al., 2001). DSSAT 285 

CERES-Wheat independently simulates crop phenology, biomass accumulation, maturity and grain yield 286 

under prescribed environmental and management conditions (Jones et al., 2003). This separation preserves 287 

the established computational responsibilities of each model while requiring the exchanged information to be 288 

interpreted consistently. 289 

The framework comprises four interconnected operations: cross-domain translation of crop-relevant variables; 290 

dependency-based coordination of model execution; temporal and spatial reconciliation of building and crop 291 

outputs; and scenario-level provenance and credibility assessment. The interface links the resulting 292 

information without modifying the governing equations of either simulation engine. In the documented 293 

implementation, Microsoft Excel supported input preparation, variable conversions, output reconciliation and 294 

maintenance of the scenario register, while EnergyPlus and DSSAT retained their respective input and output 295 

files. The procedure therefore represents a documented sequential workflow rather than an automated or 296 

dynamically coupled simulation environment. 297 
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Figure 1 illustrates the framework architecture, showing the progression from scenario definition through 298 

building-energy simulation, cross-domain information preparation, crop simulation and integrated 299 

performance assessment. 300 

 301 

 302 

 303 

 304 

 305 

Fig. 1 Architecture of the sequential EnergyPlus–DSSAT interoperability framework 306 
 Source: Authors’ own elaboration. 307 

3.2. Cross-domain information and translation responsibilities 308 

The interoperability interface defines the information exchanged between the two simulation domains 309 

according to its physical meaning, units, originating model, temporal resolution, spatial basis and role in the 310 
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receiving model. This distinction is necessary because related quantities may serve different computational 311 

purposes and cannot be transferred as directly equivalent inputs. 312 

For crop lighting, prescribed photosynthetic photon flux density (PPFD) and photoperiod determine crop 313 

photon exposure, while LED photon efficacy determines the corresponding electrical lighting demand and 314 

associated heat gains represented in EnergyPlus. DSSAT instead requires an equivalent daily radiation 315 

representation. The interface therefore maintains separate building-energy and crop-radiation quantities 316 

derived from the prescribed lighting conditions. 317 

Indoor temperature is transferred through a different pathway. Rather than assuming that prescribed 318 

thermostat setpoints represent the actual growing environment, the interface derives daily maximum and 319 

minimum temperatures from the realised EnergyPlus grow-room air-temperature outputs. Other crop-relevant 320 

variables, including controlled photoperiod, CO₂ concentration and management conditions, are specified 321 

within the DSSAT representation where applicable. 322 

These relationships establish the responsibilities of each simulation domain and identify which inputs may be 323 

affected by engineering modifications. The corresponding conversion equations, assumptions and input-file 324 

procedures are presented in Section 5. 325 

3.3. Sequential coupling strategy and model boundaries 326 

The framework follows a sequential execution strategy in which information is exchanged at defined stages 327 

rather than continuously between simulation engines. EnergyPlus first evaluates the building-energy state and 328 

indoor thermal conditions, after which the relevant environmental information is prepared for crop-response 329 

simulation. Accepted crop outputs are subsequently reconciled with building-energy results for integrated 330 

assessment. 331 

This architecture does not reproduce fully bidirectional plant–building feedback. In particular, DSSAT-332 

predicted crop development, biomass accumulation and associated physiological changes do not dynamically 333 

update the plant-related sensible and latent loads represented in EnergyPlus. These loads remain prescribed 334 

within the building model, and their influence is examined through separate sensitivity analyses. 335 
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The resulting framework is therefore intended for comparative energy–crop assessment rather than short-336 

timescale prediction of interacting canopy processes and environmental-control responses. Its interpretation 337 

depends on the consistency of exchanged inputs and explicit recognition of the physical processes not resolved 338 

by sequential coupling. 339 

3.4. Sequential model execution, state equivalence and provenance 340 

The execution sequence is determined by the dependencies introduced by each scenario modification. A 341 

change affecting building-energy performance requires reassessment of the corresponding EnergyPlus state, 342 

while a modification affecting crop-relevant inputs requires a new DSSAT simulation. Where a modification 343 

changes both domains, both model states must be reassessed before their outputs are integrated. 344 

The crop-relevant state comprises the environmental, biological and management inputs represented within 345 

DSSAT, including prescribed crop-light exposure, translated daily temperature, CO₂ concentration, genotype, 346 

planting density and crop-management configuration. A previously accepted crop result may be reused only 347 

when the corresponding input state remains equivalent to that of its originating simulation. This assessment 348 

is based on the values and precision represented in the crop-model input files, rather than on nominal scenario 349 

classifications or an assumed absence of changes in crop productivity. 350 

Consequently, improvements in equipment efficiency or modifications to electricity-generation systems do 351 

not automatically justify crop-output reuse. Their effects on the realised building environment must first be 352 

assessed to determine whether any translated crop-relevant input has changed. Where crop-relevant input 353 

equivalence cannot be established for the applicable simulation period, DSSAT must be re-executed or the 354 

inherited crop output explicitly classified as provisional rather than independently verified. 355 

The framework maintains scenario-level provenance to support these decisions. Each integrated scenario 356 

identifies the corresponding EnergyPlus simulation, the originating DSSAT simulation, any inherited crop 357 

outputs and the outcome of the applicable equivalence assessment. Accepted crop-cycle grain yield and 358 

biomass are scaled to the effective productive growing area and annualised before integration with facility-359 

level annual building-energy results. 360 
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This procedure distinguishes newly generated results from conditionally reused outputs and provides an 361 

auditable basis for evaluating scenarios without assuming that every engineering modification requires 362 

execution of both simulation engines. The detailed dependency criteria, reconciliation equations and 363 

implementation examples are presented in Section 6. 364 

4. Timimoun Demonstration Case and Model Implementation 365 

4.1. Computational case, climate and assessment boundary 366 

The proposed framework was implemented using a purpose-modelled vertical wheat-production facility in 367 

Timimoun, Algeria. The facility represents a hypothetical computational case rather than an existing 368 

agricultural installation, providing a defined setting for evaluating the sequential building–crop modelling 369 

procedure. Timimoun was selected for its hot-arid climate, agricultural-resource constraints and relevance to 370 

energy-intensive controlled-environment production. 371 

Annual building-energy simulations employed the location-specific TMYx weather file 372 

DZA_AR_Timimoun.AP.606070_TMYx.2009-2023.epw (Lawrie and Crawley, 2026). This dataset defines 373 

the external climatic conditions for EnergyPlus, while the indoor crop environment is represented separately 374 

within DSSAT. The resulting predictions are therefore conditional on the selected climate, building 375 

configuration and crop-management assumptions rather than empirically calibrated estimates of an operating 376 

facility. 377 

The assessment boundary includes the grow room, service space, building envelope, artificial lighting, 378 

environmental-conditioning systems, fans and represented auxiliary equipment, together with electricity-379 

generation systems where applicable. Crop performance is characterised by grain yield, above-ground 380 

biomass and maturity duration. Building-energy performance is assessed annually, while crop outputs are 381 

obtained for individual production cycles. Embodied energy, capital costs, labour, post-harvest processing 382 

and full life-cycle impacts are excluded from the present assessment. 383 

4.2. Building geometry and crop-lighting reference 384 

The modelled facility comprises a principal grow room measuring 40 m × 42 m × 10 m, corresponding to a 385 

floor area of 1,680 m² and an enclosed volume of 16,800 m³. An additional 131.04 m² of service and support 386 
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space brings the total modelled building floor area to 1,811.04 m². The cultivation arrangement consists of 32 387 

growing rows distributed across five tiers, providing an effective productive growing area of 3,600 m² (0.36 388 

ha). 389 

The ratio of productive growing area to grow-room floor area is approximately 2.14. This distinction is 390 

retained throughout the assessment because building-related loads are represented on a thermal-zone basis, 391 

whereas crop-lighting requirements and simulated crop production relate to the productive cultivation surface. 392 

The reference scenario (S18) specifies a photosynthetic photon flux density (PPFD) of 600 µmol m⁻² s⁻¹, a 16 393 

h photoperiod and an LED photon efficacy of 2.7 µmol J⁻¹. Artificial lighting operates from 10:00 to 02:00, 394 

contributing both electrical demand and internal heat gains to the building model. The conversion of crop-395 

light requirements into building electrical loads and DSSAT-compatible radiation inputs is detailed in Section 396 

5. 397 

4.3. EnergyPlus model, plant loads and environmental control 398 

The initial building geometry and simulation organisation were developed using SketchUp 2024 and 399 

OpenStudio 1.8, with subsequent scenario modifications implemented directly through EnergyPlus Input Data 400 

Files (IDFs). Early S18 and crop-load sensitivity simulations were performed using EnergyPlus 24.1, while 401 

later analyses, including the matched-envelope LED-efficacy comparison, were conducted using EnergyPlus 402 

26.1 following a software update. The reference envelope construction and material specifications are 403 

documented in Supplementary Appendix A (Online Resource 1, Table A1). 404 

The reference environmental-control configuration employs heating and cooling setpoints of 20°C and 22°C, 405 

respectively, with a 60% relative-humidity setting recorded in the ZoneControl:Humidistat object and used as 406 

the study-specific performance-assessment threshold. Building infiltration is set at 0.1 air changes per hour, 407 

and outdoor-air ventilation at 0.001 m³ s⁻¹ m⁻² of grow-room floor area. Heating and cooling are represented 408 

through a packaged terminal air conditioner (PTAC) comprising a constant-volume fan, single-speed direct-409 

expansion cooling coil and electric heating coil. The cooling system has a rated coefficient of performance of 410 

3.0. 411 
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No dedicated dehumidification or reheat system is represented. Consequently, environmental-control 412 

performance is evaluated from the simulated zone-air temperature and relative-humidity outputs rather than 413 

assuming continuous achievement of the specified conditions. Compliance with the study-specific 414 

environmental criteria is assessed in Section 7. 415 

Crop-related thermal and moisture exchanges are represented through prescribed sensible and latent internal 416 

loads of +40 and 80 W m⁻² of grow-room floor area, respectively. These correspond to 67.2 kW of sensible 417 

load and 134.4 kW of latent load across the 1,680 m² grow room. The prescribed values establish a consistent 418 

reference representation rather than a dynamically calculated physiological response. Their influence on 419 

cooling demand and humidity-control performance is investigated through the plant-load sensitivity analyses 420 

presented in Section 7.4. 421 

4.4. DSSAT indoor representation and reproducibility record 422 

Crop development was simulated using DSSAT 4.8.5 CERES-Wheat, with the reference cultivar and ecotype 423 

coefficients documented in Supplementary Appendix A. The controlled-environment representation 424 

incorporates daily radiation, maximum and minimum temperatures, prescribed photoperiod and CO₂ 425 

concentration, together with crop-management inputs. 426 

For the S18 reference scenario, the DSSAT weather representation specifies daily radiation of 15.1 MJ m⁻² 427 

d⁻¹ and daily maximum and minimum temperatures of 22.0°C. The controlled photoperiod is set to 16 h, with 428 

CO₂ concentration specified at 380 ppm. Indoor rainfall is set to zero, while crop water supply is represented 429 

through the irrigation-management configuration. Soil-water simulation and automatic irrigation are enabled, 430 

whereas nitrogen simulation is disabled. 431 

The reference crop configuration specifies planting and emergence densities of 350 plants m⁻², a row spacing 432 

of 15 cm and a planting depth of 3 cm. These parameters define the crop-model reference state used for the 433 

comparative simulations. The corresponding genotype and crop-management specifications are documented 434 

in Supplementary Appendix A (Tables A2–A3), while environmental-input transformations and scenario-435 

dependency procedures are detailed in Sections 5 and 6, respectively. 436 
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Use of generative AI in manuscript preparation. During preparation of this manuscript, ChatGPT was 437 

used to assist with the organisation, drafting, language editing and revision of manuscript text, and with 438 

summaries of analyses of the authors’ simulation records. The underlying EnergyPlus and DSSAT 439 

simulation results originated from the authors’ modelling work, not generative AI. The authors remain 440 

responsible for independently checking the scientific content, numerical results, references and 441 

interpretations, and for approving the final version before submission. 442 

5. Cross-Domain Environmental Translation 443 

5.1. Translation principles and variable semantics 444 

The sequential EnergyPlus–DSSAT interface requires conversion of quantities that differ in physical 445 

definition, units and temporal or spatial resolution. For each transferred variable, the procedure identifies its 446 

originating representation, the transformation applied and its role in the receiving model. DSSAT refers to the 447 

agricultural simulation environment, whereas CERES-Wheat denotes the crop-development model executed 448 

within it. 449 

The principal distinction concerns crop illumination. Photosynthetic photon flux density (PPFD) and 450 

photoperiod specify biological photon exposure, LED photon efficacy relates that exposure to electrical 451 

power, and DSSAT requires a daily radiation input compatible with its weather-file structure. The interface 452 

therefore separates energetic and radiometric representations rather than treating them as interchangeable 453 

quantities. For temperature, simulated zone-air conditions are aggregated into the daily extrema required by 454 

DSSAT. 455 

Other inputs are prescribed directly or maintained within their respective simulation domains. Controlled 456 

photoperiod and CO₂ concentration are specified through DSSAT experiment settings, while rainfall and 457 

irrigation are represented separately. Productive growing area is distinguished from building floor area so that 458 

lighting loads and crop-production quantities retain their appropriate spatial bases. Table 2 summarises the 459 

resulting relationships. 460 
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Table 2. Cross-domain variable representations and dependency implications. 461 

Quantity Originating representation 
Receiving-model 

representation 
Translation and dependency 

Crop-light intensity 
PPFD and LED photon 

efficacy 
EnergyPlus lighting load and 

internal heat gains 

Electrical power derived from 

PPFD and efficacy; efficacy 

affects thermal loads. 

Crop-light exposure PPFD and photoperiod 
DSSAT daily SRAD 

equivalent 

Conversion through DLI and 

adopted radiometric factors; 

photon-exposure changes 

affect crop inputs. 

Temperature 
EnergyPlus Zone Mean Air 

Temperature 
DSSAT TMAX and TMIN 

Daily extrema derived from 

reported simulated 

temperatures, not thermostat 

setpoints. 

Photoperiod Prescribed lighting schedule DSSAT EDAY 
Controlled daylength imposed 

through crop-experiment 

inputs. 

CO₂ concentration 
Prescribed indoor 

concentration 
DSSAT ECO2 

Concentration specified 

separately from any 

represented CO₂ supply 
electricity. 

Rainfall and irrigation 
Enclosed crop environment 

and water-management 

assumptions 

DSSAT RAIN and irrigation 

treatment 

Rainfall set to zero; irrigation 

defined through crop 

management. 

Growing area 
Multi-tier productive surface 

versus grow-room floor area 
Building lighting basis and 

crop-yield scaling 

Separate 3,600 m² productive 

and 1,680 m² grow-room floor 

area. 

Source: Authors’ own elaboration. 462 

5.2. Translating crop-light requirements 463 

Crop-light requirements are expressed per unit productive growing area. For prescribed PPFD and constant 464 

LED photosynthetic photon efficacy, electrical lighting power density is calculated as: 465 

𝑃LED,௚ = PPFDఎLED      (1) 466 

where P_LED,g is electrical lighting power per unit productive growing area (W m⁻²), PPFD is expressed in 467 

µmol m⁻² s⁻¹, and η_LED is LED photon efficacy (µmol J⁻¹). Under the S18 reference conditions of 600 µmol 468 

m⁻² s⁻¹ and 2.7 µmol J⁻¹, the resulting power density is 222.2 W m⁻². 469 

To express this demand relative to the grow-room floor area used in the building model: 470 

𝑃LED,௙ = 𝑃LED,௚ (஺೒஺೑)     (2) 471 

where A_g is productive growing area (3,600 m²) and A_f is grow-room floor area (1,680 m²). Their ratio 472 

(approximately 2.14) gives a theoretical floor-area-equivalent lighting load of 476.2 W m⁻². The S18 473 

EnergyPlus input uses 475 W m⁻² (798 kW across the grow room), a difference of approximately 0.25% from 474 
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this analytical conversion (Supplementary Appendix A, Table A1). This distinguishes the illuminated multi-475 

tier cultivation surface from the architectural floor-area basis of the building simulation. 476 

For the crop model, prescribed photon exposure is first integrated over the photoperiod to obtain daily light 477 

integral (DLI): 478 

DLI = PPFD  ݐ௣  (3.6 × 10−3)     (3) 479 

where t_p is photoperiod (h d⁻¹) and the factor 3.6 × 10⁻³ converts µmol m⁻² s⁻¹ multiplied by hours to mol 480 

m⁻² d⁻¹. At 600 µmol m⁻² s⁻¹ over 16 h, DLI equals 34.56 mol m⁻² d⁻¹. The corresponding photosynthetically 481 

active radiation (PAR) energy estimate is: 482 

PARܧ = DLI௞೛ℎ     (4) 483 

where E_PAR is the estimated PAR energy (MJ m⁻² d⁻¹) and k_ph = 4.57 mol photons MJ⁻¹ PAR is the 484 

adopted photon-to-energy conversion coefficient. This is an approximation because the energy per mole of 485 

photons depends on spectral composition (McCree, 1972; Akitsu et al., 2015). The daily total-radiation 486 

equivalent used for DSSAT is then: 487 

SRAD௘௤ = ாPAR௙PAR     (5) 488 

where f_PAR = 0.50 is the assumed fraction of global solar radiation in the PAR waveband, based on 489 

relationships reported for natural sunlight (Tsubo and Walker, 2005). Together, Equations (3)–(5) yield an 490 

SRAD equivalent of approximately 15.1 MJ m⁻² d⁻¹ for the S18 lighting condition, matching the reference 491 

DSSAT weather input. 492 

This is a model-compatible solar-radiation equivalent, not a measurement of total radiation emitted by the 493 

LEDs. Both the photon-to-energy coefficient and PAR fraction reflect solar-based radiometric 494 

approximations. Thus, the conversion does not establish spectral, canopy-interception or physiological 495 

equivalence under artificial illumination; its limitations are considered in Section 7.3. 496 

For daylight-assisted scenarios, the conversion is applied to the prescribed total photon exposure reaching the 497 

crop, not solely to the LED-supplied fraction. Equivalent total photon exposure may therefore preserve the 498 

DSSAT radiation input even when the electrical-lighting contribution changes. The approximation does not 499 
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dynamically resolve optical losses, spectral differences, canopy interception or non-uniform exposure across 500 

tiers. 501 

Figure 2 distinguishes the electrical and crop-radiation pathways and indicates how lighting-related heat gains 502 

may affect realised crop-zone temperature. 503 

 504 

Fig. 2 Cross-domain crop-light translation and conditional scenario dependency for independently executed EnergyPlus and 505 
DSSAT models 506 

Source: Authors’ own elaboration. 507 

5.3. Translating realised indoor temperature 508 

EnergyPlus reports time-resolved zone-air temperatures, whereas DSSAT requires daily maximum and 509 

minimum values. The translation uses the grow-room Zone Mean Air Temperature output rather than 510 

prescribed thermostat setpoints. For each calendar day d: 511 

mܶax,ௗ = maxℎ∈ௗ ( zܶone,ℎ)     (6) 512 

mܶin,ௗ = minℎ∈ௗ ( zܶone,ℎ)     (7) 513 

where T_zone,h denotes the reported hourly simulated grow-room air temperature at interval h. The artificial-514 

lighting schedule from 10:00 to 02:00 does not change calendar-day aggregation. Because the extrema are 515 

derived from the reported hourly series, shorter-duration fluctuations within reporting intervals may not be 516 

captured. 517 

For the reference 72-day test window, the EnergyPlus 26.1 annual-run outputs produced daily crop-zone 518 

maximum and minimum temperatures that rounded to 22.0°C in S18 and S22 at the 0.1°C DSSAT-input 519 

precision (72 of 72 paired days). This confirms agreement at the represented daily precision for the tested 520 
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window, but neither sub-hourly equivalence nor annual crop-input equivalence. The supporting daily 521 

comparison is provided in Online Resource 2; original hourly output data are provided in Online Resource 3. 522 

The alignment of this simulation window with the DSSAT experiment calendar remains a documented 523 

modelling assumption rather than an independently verified crop-calendar audit. 524 

5.4. Constructing the controlled DSSAT environment 525 

The controlled-environment representation retains DSSAT daily weather-file and crop-experiment structures 526 

(DSSAT Foundation, n.d.) while replacing outdoor agricultural conditions with translated or prescribed indoor 527 

inputs. Daily SRAD is estimated through Equation (5), TMAX and TMIN through Equations (6)–(7), and 528 

precipitation is specified as zero: 529 

RAIN = 0 mm d−1 531 

 530 

Crop water supply is instead represented through irrigation-management settings. The resulting DSSAT 532 

weather records describe the prescribed indoor growing environment and are distinct from the external EPW 533 

weather data driving EnergyPlus. 534 

Controlled photoperiod and CO₂ concentration are specified through the DSSAT experiment inputs 535 

independently of building-energy calculations. Cultivar coefficients, planting and emergence densities, row 536 

spacing and irrigation treatments remain documented in the crop-model configuration. Together, these 537 

environmental and management inputs define the crop-model state associated with each simulation. 538 

6. Sequential Coupling and Model Orchestration 539 

6.1. Sequential execution and model dependency 540 

The workflow is implemented at scenario level, with each modification evaluated for its consequences in the 541 

building-energy and crop-development domains. A new EnergyPlus calculation is required when building 542 

configuration, equipment operation or represented loads change; an accepted building result may be retained 543 

where its inputs are unchanged. Realised indoor conditions from the applicable EnergyPlus run are then 544 

translated into DSSAT-compatible inputs. Crop-model execution is determined by the resulting input state, 545 
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rather than by scenario numbering or an assumption that every building modification requires a new crop 546 

simulation. 547 

For this purpose, the crop-relevant state comprises the daily radiation and temperature inputs, photoperiod, 548 

CO₂ concentration, cultivar, planting and emergence densities, row spacing and represented management 549 

treatments. Equivalence is assessed for the relevant crop period by comparing the values recorded in the 550 

DSSAT weather, experiment and management inputs with those of the originating accepted crop run. Any 551 

difference in a represented crop input requires re-simulation. If equivalence cannot be established, an inherited 552 

result is classified as provisional rather than independently verified. Agreement at the 0.1°C precision used 553 

for the daily temperature inputs establishes equivalence at that representation only; it does not demonstrate 554 

identical sub-hourly or canopy conditions. 555 

6.2. Crop-model re-simulation, conditional reuse and output traceability 556 

The decision to rerun or reuse a crop simulation is made before annual building-energy and crop-production 557 

quantities are combined. A new DSSAT output is accepted only after successful execution and the crop-output 558 

checks described in Section 7. An existing result may be inherited when the complete represented crop-input 559 

state remains equivalent and the originating run is identifiable. Table 3 records the treatment of the principal 560 

scenario modifications. 561 

Table 3. Criteria for DSSAT re-simulation and conditional reuse of an accepted crop output. 562 

Scenario modification Crop-relevant state DSSAT treatment 

PPFD or photoperiod changes Changed Re-simulate 

Translated daily temperature changes Changed Re-simulate 

Prescribed CO₂ concentration changes Changed Re-simulate 

Genotype, establishment density, row spacing or 

management changes 
Changed Re-simulate 

LED photon efficacy changes at fixed PPFD and 

photoperiod 
Potentially equivalent 

Reuse only after checking all translated 

crop inputs 

PV, battery or other electricity-supply changes Potentially equivalent 
Reuse only if represented crop inputs are 

unchanged 

Other building-side efficiency or equipment modifications Potentially equivalent 
Reuse only after full crop-input 

equivalence is established 

Daylight substitutes for part of LED photon supply Potentially equivalent 
Reuse only if total represented photon 

exposure and all other crop inputs 

remain equivalent 

Source: Authors’ own elaboration. 563 

The scenario register links each integrated result to its supplying EnergyPlus simulation and the originating 564 

DSSAT run, distinguishing newly calculated, conditionally reused and provisional crop outputs. In S20, 565 



Page 25 

reducing PPFD from 600 to 500 µmol m⁻² s⁻¹ relative to the S18 reference changed crop-light exposure and 566 

required a new DSSAT simulation. In S22, LED photon efficacy increased from 2.7 to 3.5 µmol J⁻¹ while the 567 

prescribed PPFD (600 µmol m⁻² s⁻¹), photoperiod (16 h) and derived DSSAT radiation equivalent were 568 

retained. A field-by-field comparison of the 348 non-output-request EnergyPlus objects confirmed that the 569 

two matched-envelope IDFs differed only in the grow-room lighting-power density (475 versus 366.85 W 570 

m⁻²). Direct comparison of the annual-run hourly results established matching rounded daily TMAX and 571 

TMIN inputs on 72 of 72 days in the tested reference window (Online Resources 1–3). The thesis scenario 572 

register identifies S18 as the source of the S22 crop output. Because a separate complete S18–S22 DSSAT 573 

weather/experiment-file audit was not available, reuse remains conditional on the remaining DSSAT inputs 574 

having been retained; first-window equivalence does not establish validity for subsequent cycles. 575 

Figure 3 distinguishes direct crop-input modifications from the subsequent full equivalence check for the 576 

assessed crop period. Where equivalence is unconfirmed, DSSAT is re-executed or inherited output is 577 

designated provisional; the origin and scope of any reused result remain recorded. An equipment-efficiency 578 

improvement alone does not justify reuse. 579 
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 580 

Fig. 3 Crop-relevant-state-equivalence procedure governing DSSAT re-simulation and conditional crop-output reuse 581 
Source: Authors’ own elaboration. 582 

6.3. Reconciliation of crop-cycle and annual building outputs 583 

EnergyPlus provides annual facility-energy quantities, whereas DSSAT reports grain yield and above-ground 584 

biomass per hectare for one simulated crop cycle. The effective productive area in the Timimoun case is 3,600 585 

m² (0.36 ha); it is not the 1,680 m² grow-room floor area. Accordingly, crop outputs are first scaled to the 586 

productive area and then expressed on an annual potential-production basis. 587 

௚ܣ = 3,600 m2 = 0.36 ha 589 

 588 

For grain yield Yc (kg ha⁻¹ cycle⁻¹) and duration to crop maturity Dm (days), potential annual production is 590 

calculated as: 591 

aܻnnual = ௖ܻܣ௚ (365஽೘ )    (8) 592 

The corresponding potential annual above-ground biomass is calculated from DSSAT cycle biomass Bc (kg 593 

ha⁻¹ cycle⁻¹): 594 

annualܤ = ௚ܣ௖ܤ (365஽೘ )    (9) 595 
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Here, Ag is expressed in hectares and Yannual and Bannual in kg yr⁻¹. The factor 365/Dm assumes successive crop 596 

cycles without harvesting, cleaning, maintenance or crop-establishment downtime. These are theoretical 597 

annualised outputs under the specified management conditions, not predictions of guaranteed commercial 598 

production. The spatial and temporal bases are retained explicitly when comparing production against annual 599 

building-energy results. 600 

6.4. Integration of annual energy and crop production 601 

Integrated performance is evaluated after the crop and building results have been placed on the same annual 602 

facility basis. EnergyPlus energy quantities reported in gigajoules are converted to kilowatt-hours using: 603 

1 GJ = 277.7778 kWh 605 

 604 

The energy numerator is the annual net site energy associated with the accepted EnergyPlus result. Gross 606 

operational demand, on-site generation and net energy are retained as distinct quantities in the scenario 607 

records, so an electricity-generation offset is not represented as a reduction in intrinsic building demand. The 608 

operational Energy Efficiency Index (EEI) is then defined as: 609 

ܫܧܧ = ாnet௒annual    (10) 610 

where Enet is annual net site energy (kWh yr⁻¹) and Yannual is potential annual grain production (kg yr⁻¹). For 611 

scenarios inheriting crop output after equivalence was established for only one cycle, annual EEI remains 612 

conditional on the assumptions used to extend that crop response across the year. The resulting EEI (kWh 613 

kg⁻¹) expresses net operational energy per kilogram of modelled production within the stated assessment 614 

boundary, not life-cycle environmental impacts, economic viability or experimentally verified farm 615 

performance. 616 

7. Verification, Credibility and Uncertainty 617 

7.1. Credibility strategy and evidential status 618 

The Timimoun vertical-wheat facility is a computational demonstration without corresponding monitored 619 

building or crop-production measurements. Model credibility is therefore evaluated through computational 620 

diagnostics, crop-output plausibility, consistency of exchanged inputs and sensitivity to prescribed plant-621 
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related loads. These checks support interpretation of comparative engineering results but do not constitute 622 

empirical calibration or validation of the integrated facility (Roy and Oberkampf, 2011). 623 

The assessment comprises four stages: (i) verification of EnergyPlus execution and indoor environmental 624 

performance; (ii) screening of DSSAT phenology, biomass and grain yield against model-consistency criteria 625 

and published wheat evidence; (iii) checking cross-domain input consistency and source-simulation 626 

provenance; and (iv) investigating sensitivity to crop-related sensible and latent loads. Figure 4 summarises 627 

this evidence sequence. The associated acceptance criteria distinguish computational validity from 628 

environmental-control adequacy and biological plausibility. 629 

 630 

Fig. 4 Credibility-assessment sequence for the sequential EnergyPlus–DSSAT framework 631 
Source: Authors’ own elaboration. 632 

7.2. Computational verification and acceptance criteria 633 

EnergyPlus runs were screened for fatal or severe errors, availability of the required outputs and diagnostically 634 

relevant warnings. Environmental-control adequacy was assessed over 8,760 annual hours using study-635 

specific criteria: at least 99% of hours within 19.5–22.5°C and at least 99% of hours at or below 60% relative 636 

humidity (RH), corresponding to no more than 87 whole-hour RH exceedances. A normalised zone-air 637 

residual threshold of ≤1% was specified as a supplementary numerical-consistency target; however, no 638 

calculated residual is reported for the evaluated scenarios, so compliance with this threshold is not claimed. 639 

These screening thresholds are specific to the computational case and are not experimentally established 640 

physiological limits for wheat. 641 

The matched-envelope S18 reference satisfied the annual temperature and RH screening criteria, with zero 642 

hours outside the 19.5–22.5°C interval and four hours above 60% RH (99.954% RH compliance). In the 643 

separate latent-load cases of 228, 410 and 547 W m⁻², RH exceedance increased to 5,515, 5,825 and 5,840 644 

hours, respectively, equivalent to compliance rates of 37.04%, 33.50% and 33.33%. Environmental-control 645 

failures are classified as limitations of the scenarios rather than suppressed from the energy comparisons. 646 
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Table 4 defines how execution quality, environmental performance, crop plausibility and cross-model 647 

consistency were classified before integrated interpretation. 648 

Table 4. Computational acceptance and classification criteria for the sequential framework. 649 

Component Quantity assessed Study-specific criterion Interpretation if not met 

EnergyPlus Execution diagnostics 
No fatal/severe errors; required 

outputs available 
Investigate, correct or exclude from integrated 

assessment 

EnergyPlus Temperature control 
≥99% of annual hours within 19.5–
22.5°C 

Classify as temperature-control limited 

EnergyPlus Humidity control ≥99% of annual hours at ≤60% RH Classify as humidity-control limited 

EnergyPlus 
Zone-air balance 

(supplementary) 
Target: normalised residual ≤1%; 
calculated value not reported 

No pass/fail classification assigned without a 

calculated residual 

DSSAT 
Phenological 

completion 
Maturity reached within simulated 

horizon 
Exclude from representative annual 

production 

DSSAT Grain and biomass 
Positive, physically consistent 

outputs; grain yield ≤ above-ground 

biomass 
Exclude or investigate crop result 

DSSAT Biological plausibility 
Coherent reproductive, canopy and 

stress response 
Classify as representative, sensitivity-only or 

exclude 

Integrated 

framework 
Cross-domain 

consistency 
Compatible crop inputs and recorded 

rerun/reuse provenance 
Do not accept integration until consistency is 

resolved 

Source: Authors’ own elaboration. 650 

In the matched-envelope EnergyPlus 26.1 comparison, increased LED photon efficacy (2.7 to 3.5 µmol J⁻¹) 651 

reduced annual simulated site electricity from 24,500.64 to 19,192.38 GJ (6.806 to 5.331 GWh; 21.7%). 652 

Annual hours above 60% RH increased from four to 224, exceeding the study-specific allowance of 87 hours; 653 

S22 also recorded three hours outside the 19.5–22.5°C temperature interval. Thus, lower energy use did not 654 

establish acceptable humidity control. The independently extracted 8,760-hour annual temperature–RH 655 

comparison and the 72-day daily-extrema test are provided as Online Resources 3 and 2, respectively. 656 

Applying the S18 potential annualised production of 9,123.18 kg yr⁻¹ to both EnergyPlus energy totals gives 657 

indicative operational energy-to-grain ratios of 746.0 kWh kg⁻¹ (S18) and 584.4 kWh kg⁻¹ (S22), a 21.7% 658 

reduction in the assumed ratio. The S22 denominator is inherited from the S18 DSSAT result: its first-659 

window daily-temperature agreement does not validate identical crop output over repeated annual cycles, 660 

and S22 fails the study-specific humidity criterion. These ratios are therefore conditional scenario 661 

illustrations, not predictions of verified annual yield or acceptable farm operation. 662 

7.3. DSSAT plausibility and quantitative wheat benchmarking 663 

DSSAT CERES-Wheat outputs were assessed for successful progression to maturity, coherent phenological 664 

development, positive grain and biomass production, and grain yield not exceeding above-ground biomass. 665 
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The S18 simulation produced 4,999 kg ha⁻¹ of grain over 72 days. Applied to the 0.36 ha productive growing 666 

area and annualised under uninterrupted cycles, this gives 9,123.18 kg yr⁻¹. This is simulated production 667 

potential, not an observed yield or a forecast incorporating operational turnaround. 668 

For context, Asseng et al. (2020) reported a controlled-environment wheat harvest of approximately 14 ± 0.8 669 

t ha⁻¹ at 11% grain moisture and considered a theoretical annual potential of 70 ± 4 t ha⁻¹ under five harvests. 670 

The S18 values of 4.999 t ha⁻¹ per cycle and approximately 25.34 t ha⁻¹ yr⁻¹ are about 36% of those respective 671 

benchmarks. The comparison is contextual rather than validating: the published experiment used a PPFD of 672 

1,400 µmol m⁻² s⁻¹ for 20 h d⁻¹, compared with 600 µmol m⁻² s⁻¹ for 16 h d⁻¹ in S18; genotype, management, 673 

growth environment, model structure and reported grain-moisture bases may also differ. 674 

A separate radiation-consistency check identified DSSAT-reported PARD of 30.2 mol m⁻² d⁻¹, compared with 675 

the prescribed photon integral of 34.56 mol m⁻² d⁻¹. The 12.6% difference demonstrates that the internal model 676 

diagnostic should not be interpreted as identical to photons delivered by the LED specification. It exposes a 677 

limitation of the radiation-equivalent representation rather than providing a spectral calibration or direct 678 

measure of canopy photon absorption. Consequently, crop plausibility is supported by internal consistency 679 

and literature-based context, not by a universal yield-validation threshold. 680 

7.4. Coupling uncertainty and crop-load sensitivity 681 

Plant-related sensible and latent exchanges were prescribed in EnergyPlus rather than updated from simulated 682 

crop physiology. The reference inputs were +40 W m⁻² sensible and 80 W m⁻² latent heat, both normalised to 683 

grow-room floor area. To examine the sensitivity of conditioning and humidity predictions to the latent-load 684 

assumption, alternative values were derived from assumed daily crop transpiration using the area-normalised 685 

mass–energy relationship in Equation (11). 686 

lat,fݍ  =  ்d × 10−3 × ఘw × ℎfg௧op × 3600  ×  ஺g஺f     (11) 687 

Here q_lat,f is the floor-area-equivalent latent load (W m⁻²), T_d is crop transpiration per unit productive 688 

growing area (L m⁻² d⁻¹), ρ_w is water density (kg m⁻³), h_fg is latent heat of vaporisation (J kg⁻¹), t_op is the 689 

assumed daily load period (h), and A_g/A_f is the ratio of productive growing area to grow-room floor area. 690 

The factor 10⁻³ converts litres to cubic metres. 691 
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Using a 16 h operating period and A_g/A_f = 3,600/1,680, transpiration assumptions of 2.5, 4.5 and 6.0 L m⁻² 692 

d⁻¹ correspond to approximately 228, 410 and 547 W m⁻². The S18 DSSAT summary separately reported 163 693 

mm of seasonal crop transpiration over 72 days (approximately 2.26 L m⁻² d⁻¹), equivalent to about 206 W 694 

m⁻² when uniformly allocated over the same 16 h period. This model-derived average does not constitute an 695 

independent transpiration measurement or a time-varying canopy load (Wheeler and Sager, 1990). 696 

The DSSAT-derived latent-load equivalent of approximately 206 W m⁻² is about 2.6 times the prescribed 697 

EnergyPlus reference of 80 W m⁻². Although this estimate represents a seasonal transpiration total allocated 698 

uniformly over an assumed 16 h operating period, rather than a validated hourly load profile, the discrepancy 699 

highlights the sensitivity of the baseline to its moisture-load assumption. Accordingly, the favourable S18 RH 700 

compliance should not be interpreted as evidence that humidity control would remain adequate under 701 

physiologically representative crop-transpiration loads. 702 

Across the four EnergyPlus cases, only the prescribed OtherEquipment latent power density was varied. 703 

Relative to the 80 W m⁻² reference, annual net site energy increased from 6.806 GWh to 7.192, 7.709 and 704 

8.097 GWh at 228, 410 and 547 W m⁻² (+5.7%, +13.3% and +19.0%). Cooling electricity increased from 705 

1.867 GWh to 2.253, 2.769 and 3.156 GWh (+20.7%, +48.3% and +69.1%). The substantial deterioration in 706 

RH compliance, despite few temperature-envelope exceedances, indicates that the simulated building 707 

response is strongly conditioned by the prescribed moisture load. Direct-expansion cooling-coil warnings in 708 

these runs further constrain interpretation; these cases are sensitivity tests, not validated predictions of 709 

dehumidification capability. 710 

A separate sensible-load comparison at 410 W m⁻² latent input changed prescribed sensible exchange from 711 

+40 to 0 and −40 W m⁻². Annual net site energy decreased from 7.709 to 7.542 and 7.374 GWh, while cooling 712 

electricity decreased from 2.769 to 2.628 and 2.486 GWh. RH exceedance nevertheless remained at 5,825, 713 

5,840 and 5,840 annual hours, respectively. These results isolate sensitivities of the specified building and 714 

HVAC configuration; they do not demonstrate a general ranking of alternative farm designs or establish the 715 

actual plant-moisture exchange of an unbuilt facility. 716 
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8. Discussion 717 

8.1. Interoperability as an explicit modelling interface 718 

The principal contribution is a traceable interface specifying how results from independent building-energy 719 

and crop-development simulations can be interpreted and combined. This matters for energy-per-production 720 

assessment: an engineering modification may alter facility energy demand without changing the inputs 721 

governing modelled crop yield, whereas changed growing conditions require a new assessment of crop 722 

response. Distinguishing these cases reduces the risk of combining building and crop outputs representing 723 

incompatible scenarios. 724 

Retaining EnergyPlus and DSSAT CERES-Wheat as independent tools allows input transformations, 725 

assumptions and output provenance to be examined separately. Such transparency is a methodological benefit, 726 

not evidence of improved predictive accuracy or computational speed. The value demonstrated here is a more 727 

auditable comparison of engineering scenarios under defined crop-input conditions, with uncertainty in both 728 

underlying models remaining relevant. 729 

8.2. Conditional crop-output reuse and environmental-control assessment 730 

The lighting cases illustrate why crop-model execution should depend on represented growing conditions 731 

rather than the nominal purpose of a technology change. Reduced photon supply changes a direct crop input, 732 

whereas increased LED photon efficacy changes electrical and thermal loads while prescribed crop photon 733 

exposure remains fixed. In the matched-envelope EnergyPlus 26.1 comparison, the first 72 annual-run days 734 

were equivalent for daily temperature extrema at DSSAT input precision, as demonstrated by the 735 

accompanying auditable output tables (Online Resources 2–3). The master scenario register records the S22 736 

yield as inherited from S18, but independent item-by-item comparison of all DSSAT weather and experiment 737 

inputs was not available. Crop-output reuse and annualised energy-to-production ratios therefore remain 738 

conditional and cannot establish equivalence for later cycles. 739 

The improved-efficacy case also demonstrates that crop-input equivalence does not establish adequate 740 

environmental control. Although electricity consumption decreased, annual relative-humidity exceedances 741 

increased beyond the study-specific acceptance criterion. Direct humidity effects on crop development are not 742 



Page 33 

resolved by the present DSSAT representation. Consequently, an energy-saving scenario cannot be considered 743 

environmentally acceptable solely because its translated crop inputs are unchanged. Energy-per-yield 744 

comparisons should be accompanied by separate temperature- and humidity-control assessments. 745 

8.3. Trade-off between sequential and dynamic coupling 746 

The plant-load sensitivity tests reveal a limitation of the prescribed-load representation. The DSSAT-derived 747 

transpiration equivalent was substantially greater than the reference latent load, while higher prescribed 748 

moisture exchanges increased cooling demand and produced widespread humidity exceedances. The 749 

favourable reference humidity result is therefore conditional on a comparatively low latent-load assumption. 750 

These sensitivities were evaluated with one HVAC configuration and included cooling-coil warnings; they 751 

cannot be interpreted as measured transpiration, validated dehumidification performance or design-752 

independent performance rankings. 753 

Dynamic models are better suited to questions involving continuous feedback among plant transpiration, 754 

canopy energy exchange and environmental control (Talbot and Monfet, 2024a, 2024b; Larochelle Martin 755 

and Monfet, 2025). The sequential approach instead retains a full-cycle cereal model alongside whole-756 

building energy simulation, with the limitations of prescribed building-side crop loads made explicit. These 757 

approaches are complementary: the present framework can support conditional comparison and identify cases 758 

requiring more detailed plant–air modelling, but cannot substitute for that feedback where it governs system 759 

performance. 760 

8.4. Interpretation boundaries and transferability 761 

The Timimoun facility is a hypothetical computational case rather than an operating farm with calibrated 762 

building and crop predictions. Its artificial-light representation relies on solar-derived radiometric 763 

approximations, and the discrepancy between prescribed photon exposure and DSSAT's internal radiation 764 

diagnostic limits claims of spectral equivalence. Zone-mean temperatures do not resolve canopy or tier-to-tier 765 

variation. Published indoor-wheat yields provide contextual benchmarks rather than validation of the selected 766 

CERES-Wheat configuration (Asseng et al., 2020). Annual production also assumes uninterrupted crop cycles 767 

without harvest or re-establishment downtime. 768 



Page 34 

Transferability therefore concerns the interface procedure more directly than the numerical energy, humidity 769 

or grain-production estimates. Application to other crops, climates and facilities requires crop-specific 770 

translations, environmental criteria and state-equivalence checks, together with an appropriate representation 771 

of crop-related loads. Future evaluation should combine measured photon spectra, canopy conditions, 772 

transpiration, electricity and harvest data to test the model assumptions and determine where dynamic 773 

feedback materially changes engineering decisions. Pending such evidence, the framework is most 774 

appropriately used for transparent, conditional comparative assessment. 775 

9. Conclusions 776 

This study developed and computationally assessed a sequential EnergyPlus–DSSAT CERES-Wheat 777 

framework for comparing building energy and wheat production in controlled environments. Its contribution 778 

is a traceable procedure for translating crop-relevant inputs, determining when simulations require re-779 

execution or conditional reuse, and reconciling crop-cycle production with annual facility energy. It does not 780 

constitute dynamic crop–building co-simulation. 781 

In the Timimoun demonstration, reduced crop photon exposure required crop re-simulation; improved LED 782 

photon efficacy required assessment of both building-energy response and indirect thermal effects. The 783 

matched-envelope S18–S22 output comparison established identical rounded daily temperature extrema at 784 

0.1°C precision on all 72 days of the tested reference window. The first-window test and prescribed lighting 785 

equivalence support only conditional reuse of the S18 crop output: complete DSSAT input-file equivalence 786 

and subsequent annual cycles were not independently verified. 787 

Increasing LED photon efficacy from 2.7 to 3.5 µmol J⁻¹ reduced annual simulated site electricity by 21.7% 788 

in the controlled comparison, while hours above 60% relative humidity rose from four to 224, exceeding the 789 

study-specific acceptance limit. Indicative energy-per-potential-grain ratios decreased under an inherited S18 790 

annual yield assumption, but this does not establish environmentally acceptable operation or crop performance 791 

over untested cycles. Plant-moisture-load sensitivity further demonstrated dependence of cooling and 792 

humidity-control results on prescribed crop loads. 793 
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The case represents a hypothetical facility rather than an experimentally validated farm. Radiation-794 

equivalence assumptions, prescribed plant loads and uninterrupted crop-cycle annualisation limit the 795 

interpretation of yield and energy-per-production estimates. Facility measurements and more detailed plant–796 

air feedback are required before making predictive design or operational claims. Within these limitations, the 797 

framework supports transparent, conditional comparisons of controlled-environment agricultural systems. 798 

Supplementary information: Online Resource 1 contains the reference model parameterisation, the matched-799 

envelope S18–S22 input and output audit, and the interpretation limits (Supplementary Appendix A, Tables 800 

A1–A5). Online Resource 2 contains the 72-day daily TMAX/TMIN comparison at 0.1°C input precision. 801 

Online Resource 3 contains the 8,760-hour matched-envelope annual temperature and RH output 802 

comparison. 803 
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