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ABSTRACT9

Recent findings suggest that rooftop greenhouses could be more efficient when com-10

bined with waste streams in buildings, but there is a gap in quantification of the11

combined performance of building integrated greenhouses. This paper addresses this12

deficit for school buildings in London, UK, where urban agriculture is of increasing13

interest. A building energy simulation (BES) of an archetype school building is devel-14

oped in EnergyPlus and co-simulated with a validated greenhouse energy simulator15

(GES). The performance of different greenhouse-building coupling configurations is16

evaluated to estimate the potential for crop growth, heat recovery and reduction17

in ventilation demand, through a sensitivity analysis and parametric study. Our re-18

sults show that a 250 m2 greenhouse on the top floor of the school could produce 6t19

lettuce with half the energy demand of the same standalone greenhouse. Trade-offs20

across increase in humidity, yields, and energy efficiency indicate the importance of21

modelling to ensure optimal designs.22
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1. Introduction26

Urban greenhouses could have higher efficiency and multiple benefits in cities when27

designed in symbiosis with the surrounding urban environment; an attractive solution28

to growing concerns of cities’ environmental impacts. Population growth, land erosion,29

and rapid urbanisation are increasing pressure on local councils and businesses to pro-30

vide energy, water, transport and food security for the city dwellers. By 2050, 3.5 billion31

more people will inhabit this planet, 2.6 billion of which are predicted to be living in32

cities (United Nations 2019). Hunter et al. (2017) shows that food demand will rise33

by around 30%, outpacing increases in arable land. At the same time, with increased34

globalised trade, countries are rarely self-sufficient. Instead complex supply and trans-35

port systems govern how food arrives in our plates. In the UK, fruit and vegetables are36

by far the largest source of imports representing 37% of the UK’s total food trade gap.37

This amount has been growing as the cultivated area of fruit and vegetables is follow-38

ing a declining trend, with a 27% decrease since the 1980s (Schoen and Lang 2016).39

In addition, global food production accounts for 26% of anthropogenic greenhouse gas40
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emissions (Poore and Nemecek 2018). It is also a resource intensive industry, using41

50% of habitable land (Roser and Ritchie 2019) and 70% of the world’s freshwater42

resources for irrigation (Fischer et al. 2007). Although a large proportion of the envi-43

ronmental footprint of agriculture comes from meat and grain production (Poore and44

Nemecek 2018), greenhouses offer a potential for more resource-efficient cultivation,45

while also reducing the risk of flooding, soil erosion, acidification and eutrophication46

of waters caused by conventional agriculture (Kulak, Graves, and Chatterton 2013),47

thereby allowing to sustain functioning ecosystems at multiple scales.48

Urban agriculture is already prevalent around the world, with 100 million people49

engaged in the production and/or commercialisation of urban produce (Orsini et al.50

2013). Existent systems range from simple edible roof gardens, to advanced plant fac-51

tories (Kozai 2016) and building integrated agriculture (BIA) (Sanyé-Mengual et al.52

2015). Goldstein et al. (2016) describe a “renaissance of urban agriculture in the world’s53

wealthy, northern cities” as new technologies like hydroponics, with their significantly54

higher yields and water recycling ratio per square metre, offer the promise of compet-55

ing with traditional agriculture. However, the benefits of reduced food miles may be56

outweighed by the energy inputs and inefficient use of production outputs. Over the57

past decade, research into urban agriculture has developed considerably: from socio-58

economic analyses (Specht et al. 2013), and speculative futuristic ideas (Despommier59

2011), to cost-benefit comparisons of alternatives for reusing roofs in cities (Benis60

et al. 2018). These studies highlight the need to exploit available resources with the61

surrounding built environment synergistically when designing BIA to reduce energy62

inputs for heating, lighting, water, and ventilation requirements.63

Nadal et al. (2017), for example, show that the potentially high energy cost of64

hydroponic rooftop greenhouses could be offset by exploiting the symbiotic relation-65

ship between a greenhouse and the waste resources present in the host building in66

the form of heated CO2 rich air and rain water. However, the interchange of air be-67

tween a building and a greenhouse is only possible if the impact of plants on indoor68

environment is quantified in terms of temperature, humidity, and CO2 levels. Ex-69

perimental studies that observe the carbon sequestration and water vapour loss of70

houseplants have demonstrated the cooling effect that plants can have on the indoor71

environments (Gubb et al. 2018). A number of established models exist to simulate the72

photosynthesis (Vanthoor 2011; Farquhar, von Caemmerer, and Berry 1980) and tran-73

spiration of crops (Jolliet and Bailey 1992; Stanghellini and van Meurs 1992; Boulard74

et al. 2017), which have led to complex greenhouse environment models for commer-75

cial greenhouses (Graamans et al. 2017). However, the interdisciplinary integration of76

the separate domains of plant models and Building Energy Simulation (BES) models77

remains challenging.78

Previous work on modelling Building Integrated Agriculture (BIA) have so far either79

simplified the effect of transpiration, omitted plants completely, or externally linked80

with transpiration and crop growth models, thus omitting the feedback between plants81

and the indoor built environment. For example, rooftop greenhouses have been mod-82

elled in combination with EnergyPlus in the following cases: Léveillé-Guillemette and83

Monfet (2016) evaluated different heating configurations for a rooftop solar greenhouse84

in Canada, but they did not include the effects of plants, thus omitting the addition85

of moisture in the environment. Benis, Reinhart, and Ferrao (2017) and Nadal et al.86

(2017) developed a rooftop greenhouse model for Mediterranean climates, but repre-87

sented humidity and temperature change of the greenhouse through proxy equations.88

Benis, Reinhart, and Ferrao (2017) used EnergyPlus to calculate temperature and hu-89

midity as inputs for Vanthoor (2011)’s greenhouse model, which estimates the resulting90
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crop production. Transpiration was represented in the BES through an evaporative91

cooling pad with pre-determined load. The “living lab” rooftop greenhouse in the92

ICTA building in Barcelona was also modelled with EnergyPlus (Nadal et al. 2017;93

Muñoz-Liesa et al. 2020). However, because the model focuses on the exchange of the94

warm air from the building to the rooftop greenhouse and vice versa, the transpiration95

was simplified to a function of the day of the year through a system variable, and had96

negligible effects. However, the further study on this building by Muñoz-Liesa et al.97

(2020) found that transpiration of plants needed improved modelling as it may have98

repercussions on air-conditioning demand. There is currently no complete simulation99

methodology to quantify and optimise the integration of a greenhouse with a building100

as a thermodynamic element. This is an important gap in the current literature, as101

it is the only mechanism to optimally design the reuse of available building resources102

(waste heat and CO2 from buildings for example), while also understanding the impact103

that the greenhouse would have on the indoor air quality of the building.104

BIA is still in its infancy due to its uncertain financial and environmental105

cost/benefits, but the precedent for integrating greenhouses in schools is increasing.106

This is likely due to burgeoning social movements, and the promotion of health and107

wellbeing impacts of growing plants (Siegner, Sowerwine, and Acey 2018). Three out of108

four schools in London have allotments upon which they run educational programmes109

to support the teaching of science, maths and environment studies (Capital Growth110

2016). Schools are increasingly using greenhouses as green classrooms (Thomaier et al.111

2015), especially in primary and secondary schools (Nadal et al. 2018). The Greenhouse112

Project in New York has, as shown in Figure 1 for example, built 86 labs containing113

hydroponic greenhouses on school roofs and old classrooms “to educate students and114

teachers about the science of sustainability” (New York Sun Works 2020). However,115

Nadal et al. (2018) points out that good governance and knowledge of the potential116

benefits of BIA in schools need to be better defined to encourage further uptake of117

BIA.118

Figure 1. Rooftop greenhouse on school in New York (New York Sun Works 2020)

This paper seeks to address these research gaps by presenting a unique co-simulation119
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methodology that couples a Greenhouse Energy Simulation (GES) and a Building120

Energy Simulation (BES), with the aim to support the design and optimisation of121

BIA. Given the appetite for food growing in schools, this methodology is tested on122

an archetype of a secondary school in London. Building on Jans-Singh, Ward, and123

Choudhary (2020) where this co-simulation concept was first introduced, the in-depth124

analysis and presentation of the co-simulation methodology in this paper provides125

the following two new contributions. (i) Identification of the effects of integrating a126

greenhouse on the heat and mass balance of the zone of interest, and (ii) Understanding127

of the influence of the design and operational parameters through a sensitivity analysis128

and parametric study.129

The structure of the paper is as follows. The first two sections present the develop-130

ment of the two models respectively: in Section 2, we develop a plausible BES model131

of an archetype of a secondary school in London with a greenhouse on the top floor.132

Section 3 presents a summary of the Greenhouse Energy Simulation (GES), with de-133

tails provided in the appendix. The original GES model was validated for ornamental134

greenhouses (Ward and Choudhary 2014), and later adapted to model an underground135

farm in London (Ward, Jans-Singh, and Choudhary 2018). As such, GES was designed136

to model plant transpiration and photosynthesis, but not crop yield. For the purpose137

of this study, the GES model is extended to represent a BIA greenhouse growing let-138

tuce year-round hydroponically following Von Caemmerer (2013) and Farquhar, von139

Caemmerer, and Berry (1980) including a harvesting element, and adapted to use140

inputs from a BES model. This model, which can now be applied to a BIA in any141

context with a horizontal hydroponic system, is hitherto referred to as GES-II. Sec-142

tion 4 presents the co-simulation methodology, which includes the strategy for linking143

the two models as well as the use of a sensitivity analysis to identify the key input144

parameters for selected quantities of interest. Results are presented in Section 5. This145

includes the analysis of the co-simulation outputs. In addition, the sensitivity analysis146

is used to quantify the relative influence of design parameters on the performance of147

the building integrated greenhouse with respect to energy use and crop yields. The148

simulation runs for the SA are used for a parametric study to evaluate different design149

configurations in relation to the model outcomes.150

2. Energy model of an archetype school building in London (BES)151

The BES model is created for a building archetype of school building in London by152

analysing building stock data, national guidelines and statistics. The energy use inten-153

sity of school buildings is plotted against the school headcount in Figure 2, illustrating154

the relative consumption of state-funded secondary schools compared with the other155

tree main types of schools in Greater London: state funded primary, special needs156

schools, and independent schools. The dataset has been collated from the 2018 Na-157

tional Statistics for schools from the UK Department for Education (DfE 2018) and158

Display Energy Certificates (DEC) (DCLG 2020). Due to the larger headcount and159

building surface area, it was decided to build the model for secondary schools. As160

shown with the purple lines in Figure 2, their average reported energy use intensity161

(EUI) is 172.6 ± 47.6 kWh/m2/year, with 64.4 and 116 kWh/m2 for electricity and162

thermal EUI respectively. Average headcounts are 1036 students. Best practice EUI163

(25th percentile1) for electricity and thermal energy were 50 and 90 kWh/m2 . Results164

1The 25th percentile was chosen to represent best practice, following Hong (2015)’s thesis titled Benchmarking

the energy performance of the UK non-domestic stock: a schools case study.
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were in line with Dias Pereira et al. (2014)’s study, which found UK secondary schools165

typically consume 177 kWh/m2, with best practice consumption of 133 kWh/m2. The166

dataset also reveals that although all secondary schools are heated, only 25% are me-167

chanically ventilated, and 60% have some form of air-conditioning. The energy rating168

(DEC band) was in general poorer for secondary schools (33% have an E rating) than169

primary schools (for which the most common is the D rating). On average, the London170

secondary schools were inspected 4.2 times between 2008 and 2019, which noticed an171

average energy improvement of 22.4 kWh/m2, which suggests there is potential for172

consideration of further energy saving measures. Following these statistics, the school173

building is designed for 900 students, with a target best practice energy consumption174

of ca. 135 kWh/m2.175

Figure 2. Energy Use Intensity (thermal and electrical) of the 3309 schools in Central London, plotted against

headcount of students. Data from combined DEC certificates and National Statistics for Schools merged by

postcode. The black point shows where the representative model situates itself. The mean (dotted line) and
standard deviation (purple band) for secondary schools are represented with purple lines.

2.1. Building configuration176

The physical configuration of the archetype school is based on DfE (2014) which177

stipulates area guidelines for schools, and is illustrated in Figure 3. The secondary178

school is designed for 900 students, and accordingly has a floor area of 7428 m2 (without179

greenhouse), based on Tian and Choudhary (2012). The building has three storeys,180

to match the average building height of 10 to 14 m for school buildings in London181

found from a commercial land use and building type database (The GeoInformation182

Group 2017). The school is comprised of 53 zones, organised by orientation, floor and183

usage type. The usage types are: classrooms (teaching and learning areas), circulation184

(hallways and entrance), staff rooms, cafeteria, storage, toilets, and gym. In addition,185

this school building model contains a “Greenhouse Zone” (GZ) of 252 m2 on the top186

floor, in the South facing direction, above a classroom zone, bringing the total floor187

area to 7680 m2.188

Building fabric and materials are specified as per the National Calculation Method-189

ology (BRE 2016). Tian and Choudhary (2012) found that roof U-value, infiltration,190

heating set-point and ventilation are the most sensitive parameters of the energy model191

for school buildings in London. The guidelines stipulates a U-value of 0.26 W/m2 K for192

exterior walls, and 0.18 W/m2 K for the roof (BRE 2016). To account for older build-193

ings representing the London building stock, the U-values chosen to be representative194

5



N

Figure 3. Representation of the school building model, with the three zones of interest: (1) the Greenhouse
Zone (GZ), (2) the top floor Corridor Zone (CorZ), and (3) the south facing Classroom Zone on the middle

floor (ClaZ).

are 0.68 W/m2 K for the exterior wall and 0.55 W/m2 K for the roof. The infiltration is195

a DOE-2 model as it includes the likely higher infiltration rate on the top floor (Gowri,196

Winiarski, and Jarnagin 2009), with a rate of 0.3 air changes per hour (ACH) to reflect197

the likely slight deviation from the guideline requirement of 3 m3/m2 h (DES 2019).198

As this is a demonstration example of the co-simulation methodology, the building199

materials and infiltration rate for the GZ are the same as for the rest of the build-200

ing. In its baseline design, the GZ also harbours a large roof window of 70% of the201

floor area, which brings an average Daily Light Integral (DLI) of 10.35 mol/m2/day202

to a cultivated area of 50% of the floor area over the year. Reducing the window to203

50% or increasing to 90% of the floor area would respectively yield a DLI of 7.57 and204

13.21 mol/m2/day (averaged over the year)2. These numbers show that this greenhouse205

has the potential to be within the target range of the environmental PAR integral of206

11 mol/m2/day to 17 mol/m2/day recommended for greenhouse lettuce by Ferentinos,207

Albright, and Ramani (2000) for significant parts of the year. As such, it is possible208

that CO2 enrichment will be cost-effective (Both, Albright, and Langhans 1998). The209

effect of modifying the window size or cultivated area on seasonal and annual crop210

growth and energy demand will be investigated in Section 5.211

2.2. Operational parameters for zones of interest212

Three zones of the school are relevant for modelling the coupling between the green-213

house and the school building, in order to quantify the potential of reusing “waste”214

heat and CO2. These three zones are numbered and illustrated in Figure 3. Their215

detailed schedules are described in Table 1.216

(1) In green in Figure 3, the Greenhouse Zone (GZ). It is located on the top floor with217

a large roof window to allow sufficient transmission of light to the plants, with218

shading in operation when the room temperature reaches 28 °C. This zone acts219

as a shell for the greenhouse and all input-output exchanges between the BES220

and the GES-II model occur through this zone. The methodology to include the221

effect of the plant module modelled in GES-II into BES is explained in Section 4.222

(2) The top floor circulation area is called the “Corridor Zone” (CorZ). As pupils fill223

2The DLI is calculated using the GES-II model equations described in Appendix A.1, as a function of the
incoming solar radiation modelled in Energy Plus. The DLI is the sum of the PAR absorbed the plants over a
day.
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this area regularly (Table 1), the CO2 levels reach 1400 ppm, and the tempera-224

tures are warm. This zone is subject to heating and cooling during term-time.225

(3) The south facing classroom on the middle floor, below the GZ, is known as the226

“Classroom Zone” (ClaZ). The high occupancy rate leads to very high CO2 levels227

and temperatures, requiring significant energy use for cooling and ventilation to228

meet occupant comfort levels.229

Table 1. Operational parameters for the three zones of interest in the building model

Greenhouse Zone (GZ)

baseline design

Corridor Zone (CorZ) Classroom zone (ClaZ)

Occupancy
schedule

weekdays classroom visit at
1pm, 8am and 5pm 2 people

maintenance

7-8h 0.1, 8-9h 0.25, 9-16h
0.5, 16-17h 0.25, 17-21h 0.1,

else 0 during termtime

7-8h 0.08, 8-9h 0.6, 9-12h
0.8, 12-14h 0.4, 14-16h 0.8,

16-17h 0.4, 17-21h 0.08, else

0 during termtime
Occupancy value 2 morning, 13 classroom

visit

0.11 people/m2 0.55 people/m2

Ventilation Varies seasonally and diur-

nally. Min 4 ACH in winter
all day long, max 16.6 ACH

in summer during daytime.

7-21h on 7-21h on

0.0012 m2/m2/s 8 L/person

Heating 6h-21h 16°C , else 13.6°C 6h-21h 20°C , else 15°C 6h-21h 21°C, else 15°C
all year during termtime, else SP

12°C
during termtime, else SP

12°C
Cooling 6h-20h SP 27°C, else 29.7°C 6-21h SP 32°C, else off 6-21h SP 32°C, else off

all year during termtime during termtime

Dehumidification humidistat 80% all year

round

not included not included

Lighting no additional lighting 7-21h on, during termtime 7-21h on, during termtime
requirement 80-120 lux 300 lux

value 6 W/m2 10 W/m2

Electric equip-

ment

not included 7-18h on, rest 0.05 7-18h on, rest 0.05

value 2 W/m2 10 W/m2

Zone mixing From CorZ and to ClaZ to GZ from GZ

2.2.1. Ventilation230

In the school ventilation guidelines (DfE 2018), Carbon Dioxide is the main indicator231

for indoor air quality and ventilation performance: the average CO2 level during the232

occupied period should be designed to not exceed 1000 ppm, and the maximum CO2233

level should not surpass 1500 ppm for longer than a 20 minute interval during school234

hours (i.e. 9-18h). Of particular interest is the classroom ventilation rate. With a peak235

occupancy rate of 0.55 students/area and zone volume of 756 m3, 4 ACH is used. This236

corresponds to approximately 6 L/s/person, which falls between the recommended 3237

and 8 L/s/person for classrooms. The ventilation schedule of the GZ is based on Wat-238

son et al. (2019), such that summer ventilation is significantly higher than winter239

ventilation to keep temperatures cool in summer while minimising heating require-240

ments in winter. As such, it is set to 4 ACH in winter months, and increases to 16.6241

ACH when temperatures are hottest (in this case in July), during the daytime. Night-242

time ventilation is lower than during periods of the day with daylight (e.g ventilation243

rate in July is 16.6 ACH between 10h and 21h, and 4 ACH otherwise).244
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2.2.2. Occupants, equipment and lighting245

Schedules and values for occupants, equipment and lighting are from DfE (2003) and246

Dodd, Garbarin, and Caldas (2016). Occupant schedules use the ASHRAE 55 dynamic247

clothing model to vary clothing level with outdoor temperature and time of day, and248

vary the metabolic rates, fraction of sensible heat, occupancy levels with the type of249

activity in the zone. The occupancy schedule in the baseline design of the GZ is set at250

a classroom visit at 1pm by a group of 13 students on weekdays and two maintenance251

visits of two people in the morning and evening on weekdays (Table 1). Additional252

artificial lighting or equipment are not included in the GZ.253

2.2.3. Heating and cooling254

Heating and cooling loads are specified using the Ideal Loads HVAC system, with255

temperature setpoints for heating and cooling. DfE (2018) recommends heating set-256

points of 18 °C for classrooms, 21 °C for zones with low metabolic activity and 15 °C257

for circulation areas. As 60% of secondary school buildings have air conditioning, cool-258

ing was also included when internal temperatures surpassed 32 °C when the zones are259

occupied. Heating and cooling for the baseline design of the Greenhouse Zone is also260

described in Table 1. Typical setpoints for HVAC in greenhouses vary depending if they261

are passive greenhouses (Léveillé-Guillemette and Monfet 2016), or completely con-262

trolled environments (Kozai 2016). For hydroponic lettuce growing, ideal conditions263

are accepted to be within 18 and 24°C (Brechner, Both, and Staf 1996; Thompson264

and Langhans 1998). We opted for a passive greenhouse design, and chose heating set-265

points of 16 °C during the daytime and 13.7 °C at night. Cooling is activated if internal266

temperatures surpass 27 °C between 6h and 21h, and 29.7 °C at night. Humidity levels267

over 80% are known to decrease crop growth due to pathogens (Park and Park 2011),268

so a permanent humidistat of 80% is also set in the greenhouse.269

2.2.4. Zone air mixing270

The coupling of the greenhouse and the school building is achieved through the Zone-271

Mixing object in EnergyPlus, which allows one-way flow from a source zone to a272

receiving zone, creating a convective gain of heat and mass (air, water vapour and273

CO2). The air flow rate can have a fixed schedule, or be controlled by the temperature274

difference between the source and receiving zone. In our case, zone mixing is specified275

by a flow rate, as a function of the desired mixing rate compared to natural ventilation.276

As indicated in Table 1, two zone mixing flows are used in this model. The heated277

and CO2 rich air in the Corridor Zone is used as an input for the Greenhouse Zone278

(corZ to GZ). Cool and O2 rich air from the Greenhouse Zone is introduced into the279

Classroom Zone (GZ to ClaZ).280

2.3. Building energy demand281

The building energy model is simulated in Energy Plus v8.9, with ideal load spec-282

ification for the HVAC system. The resulting energy use intensity (EUI) from the283

BES model alone is between 130 and 140 kWh/m2, depending on the ventilation and284

heating settings of the Greenhouse Zone, and without any inter-zone air mixing. Its285

average EUI of 135 kWh/m2 is plotted against the school’s headcount in Figure 2,286

which illustrates it is in line with the best practice numbers (Table 5). Energy in-287

tensity for electricity demand is 48 kWh/m2. Energy demand for the HVAC system288
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varied depending on the Greenhouse Zone parameters set in the BES. If the settings289

for GZ follow the heating, dehumidification and ventilation requirements described in290

Table 1, this brought the building annual HVAC demand to 93 kWh/m2. If the GZ is291

not included at all, the building HVAC demand is 82.3 kWh/m2. For a passive green-292

house design, with no plants, low ventilation (1 ACH at most), no heating and cooling,293

HVAC demand of the building was 81.5 kWh/m2, suggesting a passive GZ acts as a294

buffer for the building and its simple presence reduced building energy demand by295

1%.296

3. Greenhouse Energy Simulator II297

To include the dynamic effect of plants in the BES, the greenhouse model GES-II was298

developed. This time dynamic heat and mass transfer model represents transpiration,299

photosynthesis, and crop growth in an enclosed environment, and is an adaptation of300

the Greenhouse Energy Simulator (GES). GES was developed by Ward et al. (2015)301

and based on the Gembloux Dynamic Model Greenhouse Climate model (Pieters and302

Deltour 1997), to which the reader is referred to for detailed description of the heat303

and mass transfer model. The GES model describes the effects of the outdoor climate304

and greenhouse design on the indoor greenhouse climate with of a set of first order305

differential equations (ODE) that have been validated in several settings (Vanthoor306

2011; Ward et al. 2015), and is written in Matlab (The Mathworks Inc 2016). In the307

case of GES-II, the effect of the outdoor climate and greenhouse design are input308

from the BES model, and GES-II calculates the change in internal conditions due to309

the components unique to a greenhouse - represented by a hydroponic module. This310

module contains three elements: vegetation (v) which grows on a moist mat (m) which311

is held in an aluminium tray (t). GES-II models the growth of lettuce as a function of312

the air temperature, light level and CO2, as described in Von Caemmerer (2013), and313

contributes to the heat and mass balance of the zone air (Appendix A).314

3.1. GES-II model outputs315

The environmental conditions of a greenhouse are a result of highly complex 3-D heat316

and mass exchange between the plants and their surroundings. A key assumption317

of GES is that a typical greenhouse is regular in layout. Therefore one can simplify318

the problem to a 1D slice and calculate the time-dependent heat and mass exchange319

through the different nodes. For our case of a rooftop hydroponic farm, this constitutes320

the floor (f), light (l), plant module with growing mat (m), tray (t), vegetation (v),321

internal air (i) and ceiling (c), subject to external fluctuating boundary conditions as322

illustrated in Figure 4. The green nodes are unique to the GES-II model, and the grey323

nodes represent input values from the BES model (light, floor and ceiling). The model324

represents different levels of mat saturation depending on irrigation and simulates the325

growth of the plants in terms of its changing Leaf Area Index3 (LAI) as the crops326

grow. The flows between the nodes are diffuse and direct radiation (R), convection327

(V), conduction (D), and latent heat (P), and mass flow of carbon dioxide (C).328

The main outputs of GES-II at the end of each timestep are thus linked to the329

unique GES-II components: internal air temperature (Ti), air moisture content (Wi)330

3Leaf Area Index is defined for flat leaves as the area of leaves per unit area of ground, on one side only of

the leaf.
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Figure 4. GES-II heat and mass transfer flows between nodes at a given timestep. The grey nodes show the

parts of the system which are shared with the BES model, while the green nodes are only modelled in GES-II.

Full lines correspond to sensible heat flows, while dotted lines represent mass flows. The flows between the
nodes are diffuse and direct radiation (R), convection (V), conduction (D), latent heat (P), and carbon dioxide

mass flows (C). The effect of the plant module on the internal air node (i) can be translated into outputs ∆SH,

∆LH, ∆CO2 which can be transferred to the BES.

and CO2 concentration (Ci); surface temperature of the growing mat (Tm), tray (Tt)331

and vegetation (Tv); and accumulated mass of dry matter grown (kg DM/m2). These332

can be stored in Matlab for the next timestep, allowing to track the crop growth over333

the entire simulation period.334

Flows to the internal air node (i) are of most interest as it is this node that exchanges335

information with the Greenhouse Zone of the school building (Figure 4). The effect of336

the plants in the GZ can be translated into net change in sensible heat (∆SH), latent337

heat (∆LH), and volumetric flow rate of CO2 (∆CO2), from the difference between338

the environmental conditions input into GES-II from the BES (TGZ , WGZ , CGZ) and339

the environmental conditions at the end of the timestep in GES-II (Ti, Wi, Ci). These340

flows are defined in Equations 1 to 3. They can be transferred to EnergyPlus through341

the so-called External Interface at the end of each timestep.342

The sensible heat gain ∆SH in W is calculated in the timestep ∆t by:343

∆SH =
Ti − TGZ

∆t
ρicpVGZ , (W) (1)

where Ti is the updated temperature output by the GES-II model in Kelvin, and TGZ344

is the input temperature at the start of the timestep from the BES. The change in345

sensible heat also depends on the constants VGZ (m3), volume of the Greenhouse Zone,346
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and cp the heat capacity of the air (1003.2 J/kg/K). The density of air ρi (kg/m3) is347

calculated as a function of the air temperature Ti.348

The latent heat gain ∆LH is calculated by:349

∆LH =
Wi −WGZ

∆t
hfeVGZ , (W) (2)

where hfe, the latent heat of vaporisation of the air (2.44× 106 J/kg), VGZ the zone350

volume, and Wi is the air moisture content output from the GES-II model in kg/m3.351

WGZ is the original Greenhouse Zone (GZ) air moisture content calculated by the BES352

and sent as input into the GES-II model at the beginning of the time step.353

The volumetric change in CO2 (m3/s), fed back to EnergyPlus is calculated from354

the difference of Ci and CGZ , where Ci is the density of carbon dioxide output from355

the GES-II model in kg/m3:356

∆CO2 =
Ci − CGZ

∆Tρi
VGZ(10−3), (m3/s) (3)

3.2. Equations of state for internal air357

The three equations of state for the internal air are described in Equations (4) to (6)358

for temperature (Ti in °C), air moisture content (Wi in kg/m3) and CO2 concentration359

(Ci in kg/m3). The heat fluxes are referred to as QV (Watts), and the mass fluxes360

of water vapour and CO2 as QP (Watts) and MC (kg/m3/s) respectively. The fluxes361

have two subscripts indicating the source and destination of the flux.362

dTi
dt

=
1

VGZρici
(QV[m→i] +QV[v→i] +QV[t→i]). (4)

QV represents the flow of sensible heat due to convection, for instance QV[m→i] is the363

flow from the mat to the internal air, which is function of the temperature difference364

between the mat and the air.365

dWi

dt
=

1

VGZhfe
(QP[m→i] +QP[v→i] +QP[t→i]). (5)

The change in air moisture content of the air depends on the flows of latent heat366

(QP ) due to evaporation from the mat to the internal air (QP[m→i]), and the tran-367

spiration from the leaf (QP[v→i]). Both are calculated from the difference between air368

moisture content of the air and the respective node. The transpiration model from369

Graamans et al. (2017) is described in the appendix, Equation A11. Evaporation and370

condensation between air and tray is assumed to be negligible, so QP[t→i] is set to371

0 W.372

The temperatures and moisture content of the vegetation, mat, and tray vary in373

analogous way to the air node i with convection, conduction and radiation flows, as374

illustrated in Figure 4. The vegetation temperature also varies with transpiration, and375

evaporation from the mat is related to its saturation level.376

The change in CO2 concentration Ci is attributed to the difference between carbon377

assimilation through photosynthesis and maintenance respiration of the plants (Equa-378
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tion 6). The rate of change of CO2 is calculated as a function of mass flow rate of379

carbohydrates MC in the plant system (kg/m3/s), between the buffer MCbuf , leaf380

MCleaf and stem MCstem and the internal air Ci (all in kg/m3). The crop growth381

model is based on Farquhar, von Caemmerer, and Berry (1980); Von Caemmerer382

(2013); Bonan (2015), where the carbon assimilation rate varies with three limiting383

states: atmospheric CO2 and the enzyme Rubisco which catalyses CO2 fixation (Equa-384

tion (A23)), light and electron transport (Equation (A24)), and starch accumulation385

(Equation (A26)). Detailed model equations are described in the appendix.386

dCi
dt

=
MCO2

Ap
MCH2OV

(MC[buf→i] +MC[leaf→i] +MC[stem→i] −MC[i→buf ]), (6)

where MCO2
and MCH2O are the molar mass of CO2 and carbohydrates respectively.387

The amount of carbon sequestered by the plant in the organs Cleaf and Cstem388

indicates the level of crop growth, and thus the LAI. When Cleaf reaches its threshold389

harvest level, the crop is harvested, reducing the crop volume in the greenhouse. LAI390

in turn impacts the transpiration rates and the solar radiation interception. The mass391

of carbohydrates is known as the dry matter (DM), which is directly proportional to392

the harvested fresh weight (FW) of the plant (Equation A34).393

As previously mentioned, three environmental factors limit the rate of photosynthe-394

sis: light, temperature and CO2 (Blackman 1905). Photosynthesis and transpiration395

have been shown to be almost proportional to solar radiation (Tei, Scaife, and Aik-396

man 1996). However, a daily light integral of maximum 18 hours is essential for crops397

to maintain their circadian rhythm and maintenance respiration phase (Davis 2015).398

Photosynthesis is also inhibited by temperatures which are too low or too high, and the399

optimal temperature of lettuce is set between 18 and 24 °C (Vanthoor 2011). Increased400

CO2 concentration also increases the rate of gas exchange with the plant (Bonan 2015),401

which motivates CO2 enrichment of greenhouses. The environmental factors tend to402

be limiting at different times of day, so for example CO2 enrichment would be unnec-403

essary if there is no light (Ferentinos, Albright, and Ramani 2000). The water content404

and size of plants also increase with transpiration, a function of vapour pressure deficit405

and solar radiation (Tibbitts and Bottenberg 1976). Relative humidity must therefore406

be kept high but under 80% to avoid mould from condensation on the leaves (Park407

and Park 2011). This is controlled by a dehumidifier in the BES model.408

4. Co-simulation methodology409

This section presents the methodology and considerations to co-simulate the two mod-410

els described above, and the resulting effect on the heat and mass balance in the411

Greenhouse Zone. The co-simulation process is illustrated in Figure 5. Data is ex-412

changed between the Greenhouse Zone (GZ) of the BES model and GES-II through413

the Building Controls Virtual Test Bed (BCVTB) software environment. By using the414

MLE+ tool developed by Bernal et al. (2014), the BCVTB can be configured through415

Matlab, with the Ptolemy II external interface in EnergyPlus. The BES model cal-416

culates the indoor environmental conditions of the GZ and sends them as inputs to417

GES-II. In turn, the change in heat and mass calculated by GES-II is input into the418

Greenhouse Zone (GZ) of the BES model. The data is exchanged though an XML419

variable configuration file, and is detailed in the following subsection. The advantage420
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Figure 5. Co-simulation setup between the Greenhouse Zone (GZ) of the BES model in EnergyPlus and

GES-II in Matlab. The curved arrows symbolise the exchanged data between the two models at each timestep.
The straight black arrows indicate the stored data in each model.

of this methodology is that unique outputs to each model can be stored while the data421

is exchanged (straight black arrows in Figure 5). As such, the BES model can produce422

building reports, estimate energy use of other zones, while the GES-II models can keep423

track of crop growth and harvests, and plant module temperatures.424

The timestep chosen for the data exchange of the co-simulation is 15 minutes, as425

it is the most stable timestep which works for both models. On the one hand, it is426

the largest recommended timestep in the BES model as EnergyPlus uses a Predictor-427

Corrector approach, where the heat and mass balance is predicted at the beginning of428

the timestep to estimate supply air of the HVAC system, and corrected at the end of429

the timestep with the resulting HVAC inputs. On the other hand, the ODE solver of430

GES-II is more stable at larger timesteps as it requires “warm-up” iterations to initiate431

the solver after the data exchange. This short timestep also keeps the assumption stable432

that the boundary conditions transferred from BES to GES-II are constant over the433

timestep.434

4.1. Variable exchange435

Recall that the Greenhouse Zone (GZ) of the EnergyPlus model acts as a shell for436

the greenhouse and all input-output exchanges between the BES and the GES-II437

model occur through this zone. The exchanged variables are listed in Table 2. All438

variables are configured in the XML exchange file. Variables from BES to GES-II are439

sourced from the EnergyPlus Output:Variable object. In contrast, the three returned440

variables are sent to the ExternalInterface:Schedule object, where they are called by441

three representative equipment objects linked to the GZ.442
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Table 2. Parameters exchanged between the Greenhouse Zone (GZ) of BES and GES-II

Exchange direction Parameter Unit EnergyPlus Object

From BES to GES-II

GZ Air Temperature °C Output Variable
GZ Relative Humidity % Output Variable

GZ CO2 ppm Output Variable

GZ Floor Temperature °C Output Variable
GZ Ceiling Temperature °C Output Variable

GZ Solar radiation transmitted

through window (diffuse and direct)

W Output Variable

Site Air temperature °C Output Variable

Site Wind speed m/s Output Variable

Site Air pressure Pa Output Variable

From GES-II to BES
Plant module sensible heat gain ∆SH W External Interface Schedule,

Other Equipment

Plant module latent heat gain ∆LH W External Interface Schedule,

Other Equipment
Plant module volumetric change in

CO2

m3/s External Interface Schedule,

Zone Contaminant Source or

Sink

4.1.1. Variables from GES-II to BES443

The effect of the plants on the environmental conditions in the Greenhouse Zone444

is calculated by the GES-II model and transferred back to EnergyPlus through the445

External Interface Schedule component at the end of each timestep. The change in446

temperature is represented using EnergyPlus’s Other Equipment component with a447

Fraction Radiant of 1. The change in relative humidity (RH) is represented with a448

second EnergyPlus Other Equipment component with a Fraction Latent of 1. The449

change in CO2 concentration is characterised using the Zone Contaminant Source or450

Sink component, with a volumetric generation rate. In this case, the external interface451

schedule must be a value between 0 and 1 (Equation 3).452

4.1.2. Variables from BES to GES-II453

The GES-II inputs from BES correspond to the internal environmental conditions in454

the GZ and the site environmental conditions. In addition, the surface conditions of455

the floor and ceiling are transferred to GES-II, as indicated with the grey nodes in456

Figure 4.457

As the surface temperatures are assumed constant over each timestep in GES-II,458

they are subject to additional consideration. They are modelled in BES by the sum of459

long and short wave radiation, conduction and convection (Equation 7).460

q′′LWX + q′′SW + q′′LWS + q′′sol︸ ︷︷ ︸
Radiation

+ q′′ki + q′′conv + q′′add︸ ︷︷ ︸
Conduction/Convection

= 0. (7)

where q′′LWX is the longwave radiant exchange (LW) from internal surfaces, q′′SW is the461

shortwave radiation from any internal lights, q′′LWS is the LW radiation from internal462

equipment, q′′sol is the solar radiation, q′′ki is the conduction through the wall, q′′conv is463

the convective heat flux, and q′′add is the additional sensible heat transferred back from464

the GES-II model to the BES Greenhouse Zone (GZ).465

In reality, the planted area would affect the surface temperature of the GZ floor466

by blocking radiation. Figure 6 illustrates this by showing the hourly difference in467

floor temperatures of the GZ with and without a large rooftop window across the four468

14



seasons, modelled without the greenhouse. At midday in Spring and Summer months,469

the floor temperature tends to be 20 °C warmer on average with a large rooftop window470

than without a window (referred to as base floor temperature Tf0). This temperature471

reduction of the GZ floor needs to be accounted, as it is sent as input to the GES-II472

model.473

Two methods were considered to include this temperature reduction: the use of an474

internal mass object in the GZ of the BES to represent the thermal inertia of the475

plants, or the application of a linear reduction proportional to the planted area in the476

GES-II model. To avoid double counting thermal inertia of plants in both models,477

the floor temperature, TGES−IIf , passed to the Greenhouse Model are subject a linear478

relationship with the planted area, described in Equation 8.479

TGES−IIf = Tf0 + (1−Ap) (TGZf − Tf0), (°C) (8)

where Tf0 is the fixed floor temperature of the Greenhouse Zone (GZ) simulated480

without the rooftop window for that timestep, TGZf is the floor temperature output481

from BES for that timestep, Ap is the proportion of planted area respective to the482

surface area of the zone (-). While this method allows to have a more realistic floor483

temperature in the GES-II model, its main limitation is that it does not modify the484

floor temperature in the BES model. The effect of this assumption on the rest of the485

building is limited by assuming the surfaces are adiabatic in EnergyPlus (no surface486

heat transfer between zones).487
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Figure 6. The difference of floor temperature with and without a large rooftop window (area of 0.85AGZ),

separated by seasons.

4.2. The energy balance in the greenhouse zone488

Both BES and GES-II are heat and mass transfer models that calculate the change489

of the internal air in the Greenhouse Zone (GZ) for the same three state variables:490
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temperature, air moisture content, and CO2 concentration.491

In the BES model, the Greenhouse Zone (GZ) is subject to scheduled loads and492

interacts with its surrounding environments. The net change in temperature TGZ in493

the Greenhouse Zone (GZ) is calculated through the sum of the following flows (Equa-494

tion (9)):495

VGZ ρGZcp
dTGZ
dt

= QVloads+q[CorZ→GZ]ρGZcp(TCorZ−TGZ)+QVsurf+QVinf+QVHV AC .

(9)
The sum of convective internal loadsQVloads represents the sensible heat flows from any496

scheduled loads from which convective heat is transferred, such as people, lighting or497

electrical equipment included in GZ. This is also where the “Greenhouse Sensible Heat498

effect”, defined as ∆SH in Equation 1, is included. Air is transferred from the Corridor499

Zone (CorZ) to the GZ through an exhaust fan at rate q[CorZ→GZ], and contributes500

to the heat and mass balance of the GZ, as a function of the two zones’ temperature501

difference. Air temperature also changes due to surface convection QVsurf , infiltration502

from the outside air QVinf , and the heating and cooling load QVHV AC derived from the503

heating setpoint and HVAC system parameters. These flows are calculated as standard504

in EnergyPlus, as specified in Section 2.505

The change in air moisture content WGZ (kg/m3) is the analogous mass balance to506

the heat balance in Equation 9, with latent heat flows QP . The “Greenhouse Latent507

Heat effect” is included in QPloads. The surface convection QPsurf depends on the508

evaporation enthalpy of the materials. The infiltration load QPinf , and HVAC system509

load QPHV AC depend on the humidity and temperature of the GZ:510

VGZ hfe
dWGZ

dt
= QPloads+q[CorZ→GZ]ρGZhfe(WCorZ−WGZ)+QPsurf+QPinf+QPHV AC .

(10)
The mass balance of carbon dioxide (kg/m3) is calculated in an analogous way511

to air moisture (Equation 10), except that it does not include the terms for surface512

convection and the HVAC system.513

4.3. Sensitivity analysis of the co-simulation model514

This co-simulation methodology can be used as a decision-making tool to optimise the515

design of the coupled configuration of a greenhouse in a building. A simulation-based516

design problem can be solved more efficiently if the main influential model parameters517

with respect to a quantity of interest can be identified. Sensitivity analysis (SA) is the518

ideal mechanism to do so, and has been applied extensively in BES modelling (Tian519

2013; Nguyen and Reiter 2015; Menberg, Heo, and Choudhary 2016). The simulation520

results from the SA runs are then analysed as a parametric study to identify different521

optimal building-greenhouse configurations.522

4.3.1. Model outcomes of interest523

Four model outcomes are chosen to represent four objectives of this BIA case study:524

reduce energy demand for the coupled configuration, achieve high crop yields, find525

the most optimal way to grow crops efficiently, and maintain good air quality in the526

classroom.527
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(1) Energy use intensity (EUI) for the conditioning of the greenhouse and class-528

room zones kWh/m2/year. The total EUI (EUItot) is calculated from the sum529

of energy demand for heating and cooling the Greenhouse Zone (EGZ) and the530

Classroom Zone below it (EClaZ), and the energy use for the air transfer from531

Corridor Zone to GZ, and from the GZ to the Classroom Zone, each with flow532

rates q[CorZ→GZ] and qGZ→ClaZ respectively. These two zones have been selected533

rather than the total building energy demand to better distinguish the relative534

effect of the design parameters on the GZ energy use and the potential benefit535

on the energy demand of its linked Classroom Zone.536

EUItot =
EGZ + EClaZ + ∆P (q[CorZ→GZ] + q[GZ→ClaZ])

AGZ +AClaZ
(11)

where ∆P is the pressure difference of the zone mixing exhaust fan, calculated537

with a Specific Fan Power (SFP ) of 1 kPa (Railio and Mäkinen 2007; Mysen538

and Schild 2009) and a total fan efficiency of 0.7.539

(2) Total crop growth: Crop growth is computed as the total harvested dry matter540

(DM) of lettuce after a year per unit of area of the GZ. The total harvested fresh541

weight (FW) of lettuce produced in the GZ over a year (t/year) is .542

(3) Crop growth efficiency: derived from the total harvested weight and the the543

sum of energy use of the ClaZ and GZ in g/kWh.544

(4) Air quality in the classroom: although recovering the heat from different545

zones will reduce energy use in winter, this variable tracks if there are any impli-546

cations on the air quality in the Classroom Zone during occupied hours. Lower547

CO2 values when there is air transfer from the GZ could quantify the potential548

reduction in CO2 from plant photosynthesis. This is measured by the number549

of days the CO2 was over 1500 ppm in the classroom for over an hour (mini-550

mum requirement in DfE (2014), and the average CO2 on days the classroom551

was occupied between 8am and 6pm. No further occupant comfort models are552

considered, as it is assumed that the dehumidification in the GZ, and the HVAC553

in the ClaZ are likely to ensure comfortable internal temperatures and humidity554

according to DfE (2018), and we particularly want to investigate the effect of555

the planted area on CO2 levels.556

4.3.2. SA input parameters557

Seven input parameters are selected as important drivers of energy demand and indoor558

environmental conditions. The input parameters could be varied in the EnergyPlus and559

Matlab models by developing a Python module, based on the eppy package (Santosh560

2019). This allowed to modify inputs in both GES-II and BES. The upper and lower561

bounds of each input parameter, and the “baseline” scenario value are presented in562

Table 3.563

(1) Cooling setpoint of the greenhouse: to analyse the effect of over-heating564

due to the large roof window, a cooling setpoint is varied uniformly between 26565

and 29 °C. This is expected to affect crop yields as well as overall energy use566

intensity for the two zones of interest.567

(2) Heating setpoint of the greenhouse: varied uniformly between 15 (rare heat-568

ing) and 18 °C (typical greenhouse heating setpoint), to evaluate the effect of569

stable temperatures on crop growth, compare the efficiency of recovering heat570

from the building compared with heating the GZ to optimal conditions.571
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(3) Planted area: affecting crop yield as well as humidity levels, the planted area572

is varied uniformly between 0.1% and 99.9% of the floor area.573

(4) Air transfer from the CorZ to GZ: the ventilation rate in the GZ is scheduled574

to vary seasonally and diurnally as per greenhouse ventilation guidelines (Watson575

et al. 2019). The proportion of heated and CO2 rich air coming in from the576

corridor zone is varied between 0 to 1.577

(5) Air transfer from the GZ to the ClaZ: the ventilation rate in the ClaZ578

is set to meet school guidelines for classrooms (Section 2). The proportion of579

ventilation air coming from the GZ through air mixing is also varied from 0 to 1.580

This variable is expected to have an effect on humidity levels in the classroom,581

occupant comfort, and energy use. The effect of increased RH in the classroom is582

expected to be quantified through increased energy demand for dehumidification,583

counteracting the potential decreased energy demand for heating.584

(6) Rooftop window shading: the solar transmittance of the shade was varied585

uniformly between 0.01 and 0.98. The shading is only scheduled if the greenhouse586

zone temperature surpassed 28 °C.587

(7) Greenhouse window size: the large rooftop window in the greenhouse allows588

natural sunlight to be harvested for the growth of plants, but also generates large589

solar gains, and decreases the U-value of the roof in winter. The window size is590

varied from 50% to 90% of the roof area.591

It is important to note that the choice of these seven parameters is driven by their592

likely influence on the coupled BES and GES-II model outputs, rather than an in-593

dividual quantity of interest. For example, air quality of the classroom is influenced594

by occupancy levels and infiltration in addition to ventilation rate. However, these595

are not included in the sensitivity analysis as they will not have any impact on the596

co-simulation.597

4.3.3. SA methods598

As standard in SA, we consider the outcome of building energy simulation as mathe-599

matical function Y(x) with Y a matrix of the three model outputs of interest, and X600

as a N×k matrix, with N samples of k = 7 input parameters, defined in the parameter601

space by lower and upper bounds for each parameters. To ensure consistency, we com-602

pare the outcomes from two commonly applied SA methods: the Standard Regression603

Coefficient method and the Morris’ parametric method. For a detailed review of the604

methodology, see Menberg, Heo, and Choudhary (2016).605

Estimating the Standard Regression Coefficients (SRC) gives an indication of the606

extent to which each variable influences the outcome, but requires a large number of607

simulations. To limit this, we use latin hypercube sampling to provide better coverage608

of the parameter space than random Monte Carlo samples, as it initially partitions609

the parameter space into equally probable areas, from which random samples are610

drawn within these multidimensional areas. Given our seven input parameters, 50611

such samples were considered sufficient, leading to a total of N = 350 simulations.612

The regression coefficients are calculated for each model outcome by approximating613

a multivariate linear model to fit the model response. The estimated regression co-614

efficients can be compared by standardising them using the variance of the model615

response and the variance of the corresponding input parameter. The absolute value616

of the SRC represents the importance of each parameter on a scale of 0 to 1, while its617

sign indicates whether it positively or negatively impacts the model outcome.618
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The Morris method uses parameter screening in combination with a factorial sam-619

pling strategy to reduce the number of simulations to perform in order to have a620

qualitative ranking of parameter importance. It is designed to inform more on which621

parameters are negligible rather than which are most important. The parameter screen-622

ing method involves choosing a number of trajectories r for each input parameter. For623

our study of 7 input parameters, we chose r = 12 trajectories, according to Menberg,624

Heo, and Choudhary (2016). A trajectory is defined for each parameter as a sequence625

of k+1 points, starting from a random point selected from a regular grid with for unit626

length the hypercube Hk. Within a trajectory, each parameter changes by the incre-627

ment ∆i of the trajectory. This is repeated for each parameter, for a total of N = 96628

simulations. The elementary effect is then defined as the magnitude of variation in the629

model output due to a the variation of one parameter X. The effect of the parameter630

on the model can be evaluated through absolute mean of the EE within a trajectory631

µ∗. This statistic is in the same unit as the model outcome.632

5. Results633

5.1. Co-simulation outputs634

Whilst we do not have data to perform a form of model validation, it is possible to635

check that the outputs from the co-simulation are within reasonable expectations. To636

investigate the effect of including the GES-II into the Greenhouse Zone in BES, we637

test the model with two scenarios: (a) “No plants”, where the planted area represents638

1% of the floor area, and (b) “Full plants” where 98% of the floor area is covered639

with plants. The “Full plants” planted area Ap is not aimed to represent a real farm640

but is assumed to test the influence of a large volume of plants. Such large planted641

areas can however be achieved if vertical hydroponic systems are used, although they642

may require additional artificial lighting (e.g. 103% of floor area in Jans-Singh et al.643

(2020)).644

Results from the different simulations are presented in Figure 7 for a 24 hour period645

in August to show the effect of updating the BES model with the inputs received from646

the GES-II model. Internal conditions are represented by coloured lines with “No647

plants” scenario in blue, and “Full plants” in yellow. A further distinction is made648

between dotted and solid lines. The dotted lines for both scenarios are the outputs649

from the GES-II model and the solid lines represent the outputs from EnergyPlus650

after they are updated with the inputs received from the GES-II model. Under the651

“No plants scenario” one would expect the GES-II and BES model outputs to be652

almost similar. Indeed, comparing the blue solid and dotted lines, we see that the653

outputs from the two models are consistent.654

For the scenario when 98% of floor area is covered with plants, we expect the GES-655

II model outputs to have an influence on the updated BES output. Comparing the656

yellow dotted line (the final updated BES output) against the solid lines, it can be657

noted that the presence of plants causes decrease in CO2, increase in humidity, and658

decrease in temperature.659

A comparison of the blue and yellow dotted lines serves to show the large influence660

of plants on the GES-II ouputs. Indeed, it shows the significant change in all three661

parameters due to the presence of plants. The net change in the BES output, as662

represented by the solid yellow line, is not so large. This is because the heat and mass663

fluxes in EnergyPlus model includes other sources/sinks: for example, infiltration and664

19



Figure 7. Effect of the plant module on temperature, relative humidity and CO2 concentration for one day

in August. The line type refers to the simulation level: dotted - GES-II output at the end of the timestep, solid
- updated BES output after input from GES-II. The planted level indicates the outputs for the two scenarios:

“No plants” (Ap = 1% of floor area) and “Full plants” (Ap = 98% of floor area).

ventilation with outside air (Equations 9 and 10).665

The relative effect of the sensible and latent heat flows calculated by the GES-II can666

be observed in Figure 8 for three typical days in August when there are “No plants”667

(left) and “Full plants” (right). No heating, cooling, dehumidification, occupant or668

equipment schedules were included in the BES to compare the effect of the exchanges669

from GES-II more accurately. The latent heat transfer increases (with some lag) when670

there is radiative heat gain through the window, pointing to the start of the daily671

transpiration process. Latent ventilation loss is prominent at the same time, showing672

that ventilation regulates the relative humidity, which would have otherwise been very673

high. Sensible heat loss, on the other hand, does not have such a pronounced effect, due674

to the thermal storage of the plants counteracting the decrease in temperature from675

evapo-transpiration. These flows explain the difference between the relative humidity676

and temperature output from GES-II and the updated BES output in Figure 7.677

5.2. Sensitivity analysis678

The model outcomes for the co-simulation model when using the upper bound and679

lower bound values of model input parameters are shown in Table 3. Each parameter680

was set in turn to the upper and lower bound defined in the range, while fixing all681

the others to the specified mean value. The mean and standard deviation across all682

the model outcomes is presented in the first row. These values are very close the683

baseline (modelled with the mean of the input values and listed in the bottom row of684

table 3) which shows that the mean of each output is in accordance with literature.685

Average energy demand for both zones is 158± 20 kWh/m2/year, in accordance with686

school building energy use (Table 5). Average yields are of 3.3 kgDM/m2/year, in687

line with Vanthoor (2011) where tomato crop yields over 6 to 9 months were from688

0.9 kgDM/m2/year to 3.3 kgDM/m2/year, depending on the greenhouse design. The689

higher yields here reflect the multiple crop harvests possible with a lettuce model690

(no fruit development). The mean CO2 during occupied periods in the classroom is691

882 ppm, suiting the design requirement of a mean less than 1000 ppm, which should692

be achieved if staff open the windows according to the design ventilation requirements693

(Coley and Beisteiner 2002).694
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Figure 8. Sensible and latent air heat balance flows in the greenhouse zone over three days in August, without

plants (left), and full of plants (Ap = 98%AGZ). The flows are: windows SH gain (black), GES-II latent and
sensible heat transfers (green), total surface convection rate (light blue), heat stored in the zone air between

timesteps (red), ventilation sensible and latent heat loss (orange), heating and cooling SH gain (dark blue).

Compared with the baseline, the energy use intensity increases by 30% when the695

heating setpoint temperature in the greenhouse is raised from 15 to 18 °C, while only696

increasing yield by 3%. In contrast, the ventilation rate in the greenhouse, shading, and697

planted area have little effect on EUI (Table 3). We thus expect greenhouse heating698

and cooling setpoints and the ratio of air mixing from the corridor to the greenhouse699

to be the most influential parameters for EUI. Occupant comfort levels will mostly be700

determined by the ventilation rate in the classroom and the proportion of incoming701

air from the Greenhouse Zone. We expect crop growth to be influenced by proportion702
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Table 3. Upper and lower bounds of the SA input parameters, and their result on the four outcomes of interest.

EUI: Energy Use Intensity of the GZ and ClaZ. CG: Annual crop growth. CGE: Crop growth efficiency. AQ:

Air quality in the ClaZ. UB and LB: results from using upper bound and lower bound of input parameter.

Model outcomes
Input variables EUItot CG CGE AQ

kWh/m2/year tDM/m2/year gFW/kWh/year ppm
Location Variable name Mean Range LB UB LB UB LB UB LB UB

Mean± std 158± 23 3.3± 0.3 45.5± 13.7 875± 61

Greenhouse
Zone (GZ)

(1) Cooling set-
point (°C)

27 [26, 29] 167 120 3.4 3 55.3 75.7 905 906

Greenhouse
Zone (GZ)

(2) Heating set-
point (°C)

16 [15,18] 145 188 3.3 3.4 47.7 65.6 905 906

Greenhouse
Zone (GZ)

(3) Planted area
(%)

0.5 [0.01, 0.99] 135 171 3.6 3.1 1.5 96.9 907 904

Corridor Zone
to Greenhouse
Zone

(4) Ratio of air
mixing (%)

0.5 [0.01, 0.99] 194 145 3.1 3.6 40.5 72.6 812 1003

Greenhouse
Zone to Class-
room Zone

(5) Ratio of air
mixing (%)

0.5 [0.01, 0.99] 177 153 3.4 3.4 57.7 60.2 786 1052

Greenhouse
Zone (GZ)

(6) Shading trans-
mission (%)

0.5 [0.01, 0.99] 158 157 3.3 3.4 57.5 59.7 905 906

Greenhouse
Zone (GZ)

(7) Size of rooftop
window (%)

0.7 [0.5, 0.9] 133 182 2.7 4 58.3 58.4 906 905

Baseline With mean conditions 157 3.4 59.7 905

of incoming air from the corridor, rooftop window size, shading, and planted area.703

The sensitivity analysis shows alignment between the rankings of input parameters704

from the Morris method and the SRC method, validating our confidence in the results.705

This is displayed in Figure 9, where the absolute value of the SRC is plotted against706

the absolute mean of the elementary effect µ∗. Future analysis can thus confidently707

be performed with either method. The coefficient of determination for the regression708

of each model outcome with the SRC method was 0.95, showing that the regression709

model produced with the input parameters explains 95% of the variance observed in710

the corresponding output. While the SRC gives information on the relative importance711

of the input parameters, the Morris method allows to distinguish influential from712

“unimportant” factors (Campolongo, Cariboni, and Saltelli 2007). Both methods show713

the same ranking of input parameters for all outcomes, but crop yield represented in714

Figure 9C stands out. The large µ∗ values (54 kgFW/m2/year to 121 kgFW/m2/year)715

including for the lowest ranked parameters “Heating GZ” and air mixing “GZ-ClaZ”,716

which have a SRC< 0.2, suggest that none of the input parameters are negligible for717

crop growth.718

All input parameters apart from shading and mixing of air from GZ to ClaZ had a719

significant influence on the energy demand in the GZ (Figure 9A). The most impactful720

is air mixing from the corridor to the greenhouse, highlighting the large potential in721

heat recovery from the building. Changing the cooling setpoint by 3 °C has a similar722

effect as changing the heating setpoint by the same amount on energy use in the GZ,723

but cooling influenced the crop growth outcome more. Finally, the size of the rooftop724

window and planted area also have a non-negligible effect on energy demand in the725

greenhouse over a year.726

As air mixing from the GZ to the ClaZ is the only parameter directly affecting727

the classroom energy demand in this SA, it is unsurprising that it outweighs the728

significance of the other input parameters in Figure 9B. The only other parameter729

with influence on this energy demand is air mixing from CorZ-GZ, suggesting that730

coupling air transfer to and from the GZ can yield energy saving benefits. Greater731
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Energy use intensity of GZ Energy use intensity of ClaZ

Mass harvested in GZ Mean CO  (8am-6pm) in ClaZ2

Figure 9. Comparing SRC coefficients (-) and Morris method elementary effects (µ∗) for four annual model
outcomes: (A) energy use intensity of the greenhouse (kWh/m2/year), (B) energy use intensity of the ClaZ

(kWh/m2/year), (C) total Dry Matter grown over 1 year per unit of cultivated area (kgDM/m2/year), and

(D) mean CO2 in ClaZ on occupied days between 8pm and 6am (ppm).

air mixing does however increase the CO2 concentration in the ClaZ (Figure 9D).732

Thus, CO2 levels ought to be monitored to not exceed guideline values, as the “air733

purifying” effect of the plants in the GZ is not notable. Combining this study with734

more fine grained controlled ventilation modelling would allow increased sensitivity to735

the energy saving potential of recovering air from the GZ.736

As SRC coefficients inform on the direction of influence of the parameters, the737

SRCs were further analysed by season. The seasons were defined by splitting the738

model responses such that Winter is from January to March, Spring is from April to739

June, Summer is from July to September, and Autumn is from October to December.740

The SRCs for air quality showed little seasonal difference over the year compared with741

Figure 9. However, the seasonal breakdown for these three SA outcomes: (A) crop742

growth efficiency, (B) energy demand of the GZ and ClaZ (EUItot), and (C) total crop743

yields, reveal how different co-design strategies can be implemented throughout the744

year. For instance, while looking at the whole year response suggests that increasing the745

heating setpoint would have only a limited impact on crop yield, the SRC coefficient746

in winter in Figure 10C shows that it does have an effect on increasing the crop yield747

in winter months. A design strategy to encourage early crop growth in the year would748
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Crop growth efficiency
(kg/kWh/m2)

Dry Matter crop yields
(kgDM/m2)

Energy Use Intensity (EUItot)
(kWh/m2)

Figure 10. SRC calculated for four seasonal subsets for three model outcomes: (A) crop growth efficiency (g
fresh weight (FW)/kWh), (B) total EUI of ClaZ and GZ, and (C) accumulated Dry Matter over a year per

unit of cultivated area.

be to have additional heaters in winter, which would not be necessary throughout the749

rest of the year, simply causing a high energy cost. In summer months, shading is the750

only input parameter reducing energy demand of the coupled configuration, and the751

rooftop window size is less important as it also causes overheating. Crop growth in the752

greenhouse also benefits from air mixing from the Corridor Zone mostly in Winter and753

Spring, but is not necessary in Summer. The larger positive SRCs of the CorZ-GZ zone754

mixing compared with the heating setpoints on crop yields (Figure 10C) highlight the755

benefits of CO2 enrichment to the greenhouse with air from the circulation area.756

Larger planted areas negatively influence crop growth in Summer, presumably due to757

their faster growth rate and thus larger LAI which could inhibit growth on lower leaves,758

and increase humidity. Humidity is accounted as having a high energy cost due to the759

dehumidification setpoint in the GZ of 80%. If the main concern is reducing energy use760

intensity rather than creating the optimal crop growth environment, cooling should be761

avoided in summer, and a smaller rooftop window could be considered. Without having762

an impact on crop yields, heat exchange from the greenhouse zone to the classroom763

zone reduces the overall energy use and should be considered in Winter and Autumn764

months. The three different SA outcomes suggest further conflicting advice based on765

the objective of the designer. Large planted areas cause lower crop yield per unit area,766

and higher energy demand per unit area, but to different extents. On the other hand, it767

is shown in Figure 10A that planted areas should be maximised for high crop growing768

efficiency.769

5.3. Parametric analysis770

The simulation runs for the SA are used for a parametric study to evaluate different771

design configurations in relation to the model outcomes. Table 4 gathers the results of772

the “best case scenarios” when optimising for low energy demand, good air quality in773

the ClaZ, high yields or high crop growth efficiency in the greenhouse, and compares774

them with the baseline scenario. The results of the 350 simulation runs for the SRC775

sensitivity study are constrained to limiting the combined energy use intensity of the776

greenhouse and classroom to 250 kWh/m2, and the CO2 levels in the classroom are777
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Table 4. Input and output parameters for five scenarios: baseline, least energy demand, best air quality in

the classroom, most crop yield, and most energy efficient crop yield.

Least Highest Most Most
Outputs Unit Baseline energy

use

air qual-

ity

crop

yield

crop

growth

efficiency

EUI of ClaZ kWh/m2/year 60.8 70.3 86.9 49.9 56.2
EUI of GZ kWh/m2/year 259.8 71.0 364.7 335.6 154.4

EUItot (GZ+ClaZ) kWh/m2/year 160.3 70.6 225.8 192.8 105.3

Mean daily density
of plants (GZ)

g/m2/day 146.4 142.3 141.6 160.2 146.8

Mean daily CO2

(ClaZ)

ppm 904.7 950.4 781.0 1086.6 1112.1

Total fresh matter

harvested

tDM/year 3.4 0.5 2.3 7.6 5.9

Crop growth effi-
ciency

gFW/kWh/year 60 13 21 78 110

Annual building en-

ergy use

kWh/m2/year 139.05 133.13 143.97 141.03 135.28

Input parameters

Shade transmittance - 50% 6% 29% 11% 29%
Rooftop window

area

- 50% 71% 78% 89% 81%

Air mixing CorZ-GZ - 50% 87% 2% 74% 65%
Air mixing GZ-ClaZ - 50% 44% 0% 86% 100%

Heating setpoint °C 16 15.3 16.4 16.8 15.8

Cooling setpoint °C 27 28.7 27.0 27.5 28.6
Planted area m2 50% 8% 33% 94% 90%

limited to 1500 ppm to maximum two hours per day, as per school building guidelines.778

If the designer wanted to achieve high yields, 7.6 tonnes of fresh lettuce could be779

grown per year with a total planted area (94%), with an EUI of 335.6 kWh/m2 in the780

Greenhouse Zone. At an average consumption of lettuce per head of 6 kg/year (USDA781

2017), this corresponds to the total lettuce consumption of 1222 people, 1.4 times the782

number of students in the school building. This requires a rooftop window size of 78%783

of the zone area, with shading in summer. Some heating is needed for this result, and784

cooling was triggered at 27 °C. Crops could be grown more energy efficiently, with785

less cooling and heating and significant air mixing to the ClaZ to compensate for786

energy use in the GZ. The combined EUI of the GZ ans ClaZ would thus drop from787

192.8 to 105.3 kWh/m2, and harvest would decrease to the still substantial rate of788

5.9 tFW/year, in line with best practice values for lettuce greenhouses in the UK of789

131 kWh/m2 (The Carbon Trust 2012). This would be a significant improvement on the790

UK average indoor lettuce growth, with typical energy consumption of 230 kWh/m2,791

and represent 4.8 times more growth per unit area (33 t/ha for protected lettuce792

farming in the UK) (Defra 2020).793

On the other hand, optimal air quality in the classroom has a high energy cost due794

to the large amount of ventilation required, increasing the building energy demand by795

10%. Air mixing to the classroom was not beneficial despite plants in the greenhouse796

acting as an “air purifier”. However, the least energy use case shows that a successful797

building integrated greenhouse need not be energy intensive. Ventilating the classroom798

with greenhouse air rather than outdoor air 44% of the time would also decrease799

energy consumption, while keeping the air quality at its threshold limits. The EUI of800

the greenhouse and classroom zones combined was thus 70.6 kWh/m2, and the total801
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amount of lettuce grown was 0.5 tFW/year.802

The effect of including the GZ on the total building energy use was not significant.803

As seen in Section 2, a passive GZ provides a small buffer effect, reducing building804

energy demand by 1% compared with case with no greenhouse at all (131.1 kWh/m2).805

However, running a greenhouse with the baseline input parameters would increase806

building energy demand by 5%. On the other hand, modifying the input parameters to807

the “Most crop growth efficiency” scenario, only increased the building energy demand808

by 3%. Using the input parameters for the “Most crop growth efficiency” scenario to809

produce the same greenhouse design placed on the ground rather than as BIA, would810

increase the greenhouse’s EUI to 298 kWh/m2. For the same yields, energy demand811

for a standalone greenhouse would thus be double, highlighting the benefits of the812

integration of the greenhouse to the building design. Past BIA models had focused on813

Mediterranean climates (Muñoz-Liesa et al. 2020), but the large demand for heating814

in more temperate climates such as in the UK highlights the large potential for heat815

recovery in different settings.816

Further analysis would be required to find the optimally coupled configuration.817

These results can inform an optimisation with an appropriate cost function by propos-818

ing a limited set of sensitive variables. However, as the constraints of an optimisation819

would be building specific, it exceeds the scope of this work.820

6. Conclusions821

Research outcomes822

The aim of this study was to quantify the trade-offs of integrating a greenhouse in823

symbiosis with a building through a novel co-simulation. Tested on an archetype of824

a school building in London, our co-simulation methodology enabled modelling the825

dynamic effect of plants on the ambient environment. The results are especially rele-826

vant across three aspects: using BES models for greenhouse HVAC sizing, the seasonal827

potential of reusing building “waste resources”, and comparing trade-offs across ob-828

jectives.829

Firstly, by running the GES-II and BES models in an independent, yet intercon-830

nected way, it is possible to analyse the effect of the planted area on the temperature,831

humidity and CO2 levels in the zone of interest. By feeding back this effect at each832

timestep of the simulation, different HVAC measures can be tested within the BES833

model to meet the needs of the greenhouse (e.g. through natural ventilation or dehu-834

midification). This method could be used by architects and civil engineers seeking to835

add hydroponic farming to their building design and understand the effect of high-836

density plants on the building physics.837

Secondly, a sensitivity analysis (SA) was performed to test the influence of seven838

input parameters on the outcome of the combined building-greenhouse model, in terms839

of energy use, air quality and crop yields. The two methods used highlighted the840

potential of reusing the air from the building to increase crop yields and decrease841

energy use. A seasonal breakdown of the SA results could inform further operational842

efficiencies. For instance, a large rooftop window will provide large yields but will843

increase the demand for cooling in summer due to high transpiration rates.844

Finally, we identified four model outcomes which respond to four different school845

objectives. The design with highest crop harvest could potentially feed 1.4 times the846

student body, increasing building energy use by 8% compared with a building without847
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a greenhouse. If the aim of this school building is to achieve the most energy efficient848

crop yields, a design with significant air mixing could produce 6 tonnes of lettuce a849

year while only increasing the school building’s energy consumption by 3%.850

Further research851

Whilst the co-simulation method was implemented on an archetype of a school build-852

ing, it is applicable to any BIA setting and can be used to identify optimal configura-853

tions. The co-simulation uses validated building and greenhouse energy simulations,854

but the integrated model is not calibrated against a real-life BIA, as there were no855

known examples matching those conditions in the UK at the time of writing. Future856

work will investigate specific school buildings in London, UK to ascertain the poten-857

tial of rooftop greenhouses based on individual school building design and tailor the858

optimisation to the objectives of the stakeholders (low energy use, thermal comfort,859

high crop growth, or simply educational). This would also offer the opportunity to860

further develop the model to include economic and societal impacts.861

Depending on future objectives of school designs (and further larger buildings), this862

method can be used to optimise for air quality, food production in buildings, and reuse863

of “wasted” resources. As the trend towards BIA continues to grow, this co-simulation864

methodology can be used for larger scale application. The pandemic sweeping the world865

at the time of writing is sparking many conversations about the use of derelict spaces in866

city centres. As remote working becomes increasingly the norm, large swathes of space867

in office buildings and their dependent businesses might require repurposing. Perhaps,868

in an age of increasing awareness of the source of food, climate change and economic869

initiatives for resource use efficiency, this will also provide an ideal opportunity to870

foster building integrated agriculture.871
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Nomenclature882

Physics Constants883

cp Heat capacity of air at 25°C 1003.2 J/kg/K884

hfe Latent heat of vaporisation of water 2.441× 10−6 J/kg885

MCH2O Molar mass of CH2O 0.03 kg/mol886
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MCO2
Molar mass of CO2 0.044 kg/mol887

Abbreviations888

BIA Building Integrated Agriculture889

BES Building Energy Simulation890

GES Greenhouse Energy Simulation I891

GES-II Greenhouse Energy Simulation II892

GZ Greenhouse Zone893

ClaZ Middle Floor south facing Classroom Zone894

CorZ Top Floor Corridor Zone895

SH Sensible Heat W896

LH Latent Heat W897

ACH Air change per hour /h898

DM Dry matter weight of crop kg/m2
899

EUI Energy Use Intensity kWh/m3
900

FW Fresh weight of crop (including water content) kg901

SRCi Standard Regression Coefficient of parameter i902

µ∗i Absolute mean of Elementary Effect of parameter i903

Equation terms904

∆CO2 Change in CO2 output from GES-II m3/s905

∆LH Change in Latent Heat output from GES-II W906

∆SH Change in Sensible Heat output from GES-II W907

∆T Timestep of GES-II and BES 900 s908

EClaZ Annual energy demand of the ClaZ for HVAC kWh909

EGZ Annual energy demand of the GZ for HVAC kWh910

MC Mass flow of carbohydrates in GES-II kg/m3/s911

Qconv Sum of convective heat transfer from surfaces in GZ in BES W912

qCorZ→GZ Volume flow rate of air from CorZ to GZ m3/s913

qGZ→ClaZ Volume flow rate of air from GZ to ClaZ m3/s914

QHV AC Heat transfer from HVAC system in GZ in BES W915

Qinf Heat transfer due to infiltration of outside air in GZ in BES W916

Qint loads Sum of convective internal loads W917

QP Latent heat flow GES-II and BES W918

QV Sensible heat flow in GES-II and BES W919

TCorZ Temperature of internal air in CorZ in BES °C920

WCorZ Air moisture content of internal air in CorZ in BES kg/m3
921

WGZ Air moisture content of internal air in GZ in BES kg/m3
922

AClaZ Area of ClaZ 252 m2
923

AGZ Area of GZ 252 m2
924

VGZ Volume of GZ 756 m3
925

ρi Density of internal air in GZ in GES-II kg/m3
926

Ci CO2 concentration of internal air in GZ in GES-II ppm927

TGES−IIf Temperature of floor in GZ in GES-II °C928

Ti Temperature of internal air in GZ in GES-II °C929

Tm Temperature of irrigation mat in GZ in GES-II °C930

Tt Temperature of hydroponics tray in GZ in GES-II °C931

Tv Temperature of vegetation in GZ in GES-II °C932

Wi Air moisture content of internal air in GZ in GES-II kg/m3
933

ρGZ Density of inter air in GZ in BES kg/m3
934

CGZ CO2 concentration of internal air in GZ in BES ppm935

TBESf Temperature of floor in GZ output from BES °C936
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TBESf0 Temperature of floor in GZ without rooftop window in BES °C937

TGZ Temperature of internal air in GZ in BES °C938

7. Disclosure statement939

There are no competing interests to declare.940

8. Data availability statement941

Data can be made available upon request to the corresponding author. The code is942

available for reproduction on GitHub. The multiple co-simulation files can be generated943

with Jans-Singh (2020) and a reproducible example of the co-simulation can be found944

at Jans-Singh (2021).945

9. Supplementary information946

Table 5 contains the summary statistics for 3309 schools in Central London, obtained947

by merging data from DEC, postcode data and National Statistics for schools (DfE948

2018).949

Appendix A. Crop growth model950

This section describes the detailed equations of the Greenhouse Model. There are three951

main components to the model: (1) Absorption of the radiation by the plants, (2) Crop952

transpiration, (3) Crop photosynthesis. The other main flows in the greenhouse are953

conduction and convection flows in between each of the nodes illustrated in Figure 4,954

but as they are the same as described in equations 9 they will not be detailed here.955

A.1. Solar radiation956

The solar radiation absorbed by the plant canopy is computed from the direct radiation957

transmitted through the window5, and the diffuse radiation which is reflected back958

from the floor surfaces (Equation (A1)). The transmitted solar radiation is calculated959

from the transmission properties of the windows in EnergyPlus: the exterior windows960

are 3 mm clear glass, while the rooftop window has double glazing and shading applied961

when temperatures surpass 28 °C in the greenhouse zone. Equation (A1) further shows962

how the transmitted solar radiation reaching the canopy is further divided between963

PAR (photosynthetically active radiation) and NIR (near-infrared radiation), which964

are assumed to be half according to Monteith and Unsworth (2008) as the leaves are965

assumed to be black bodies (close to reality for the visible spectrum). The leaves966

are represented as cylindrical bodies which shade the lower leaves, thus the absorbed967

radiation is calculated geometrically with the incidence angle of the sun (its azimuth968

and elevation). The model used was adapted from De Zwart (1996).969

5Superscrifts r and f refer to direct and diffuse radiation respectively.
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Table 5. Summary statistics for 3309 schools in Central London, from merging DEC and National Statistics

for schools datasets.

School Statistic Independent State-funded State-funded State-funded Source
characteristic school primary secondary special school

Number of
schools

Total in
Greater
London

563 1813 483 135 Combined

Total EUI Median of all
buildings

168.5 174.6 172.6 211.0 DEC

(kWh/m2) (Best pratice) 135.3 148.0 150.0 174.7 DEC

Electricity
EUI

Median 61.1 51.1 64.4 62.9 DEC

(kWh/m2) Best practice 48.3 40.0 50.1 49.0 DEC

Thermal
EUI

Median 114.7 129.5 116.2 153.6 DEC

(kWh/m2) Best practice 76.8 99.0 89.0 113.0 DEC

Weighted
EUI
(kWh/m2)

mean
weighted
by inspection
date

178.1 185.6 185.2 222.0 DEC

Total floor
area (m2)

Mean 3361 3017 10943 3542 DEC

Headcount Mean 342 426 1096 106 NatStats4

Number of
buildings in
school com-
plex

Mean 1.4 1.4 2.3 1.4 Combined

Inspection
counts

Mean 2.5 4.3 4.2 4.1 DEC

Change in
EUI from
first in-
spection
(kWh/m2)

Mean -6.8 -20.7 -22.4 -21.1 DEC

Presence of
air

Most re-
peated

No No Yes No DEC

conditioning Percentage of
total

36% 36% 59% 42% DEC

Type of
building

Most re-
peated

Heating and Natural Ventilation

environment Percentage of
total

88% 94% 77% 81% DEC

DEC Oper-
ational

Most re-
peated

F D E E DEC

Rating
Band

Percentage of
total

29% 37% 33% 31% DEC

Main heat-
ing

Most re-
peated

Natural Gas Natural Gas Natural Gas Natural Gas DEC

fuel Percentage of
total

94% 98% 96% 98% DEC

Pupils tak-
ing a free

Total number
of children

0 92,719 60,436 6512 DEC

school meal Mean per-
centage in
school

- 14% 15% 36% NatStats
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QSv = PARrv + PARfv +NIRrv +NIRfv . (W) (A1)

The direct (Equation (A2)) and diffuse (Equation (A3)) PAR directly absorbed by
the canopy is described by negative exponential decay of light with LAI in a homoge-
neous crop:

PARrv = PARr(1− ρv)(1− e−K
PAR
r LAI), (W) (A2)

PARfv = PARf (1− ρv)(1− e−K
PAR
f LAI). (W) (A3)

The extinction coefficients KPAR
r and KPAR

f are assumed to be the same and equal

0.7. ρv is the reflection coefficient of the canopy of PAR, here set to 0.35 (Vanthoor
2011).

KPAR
f = 0.85, (A4)

KPAR
r = 0.88 + 2.6e−0.18α. (A5)

The crops reflect considerably more NIR: back to the greenhouse window, scattered970

through its leaves, and to greenhouse surfaces, which may reflect back again to the971

crops. The reflection and transmission coefficients are computed using vector algebra972

from the angle of incidence α of solar radiation at the given time, which can be calcu-973

lated geometrically from the date, time, azimuth and elevation of the sun (De Zwart974

1996).975

NIRrv = NIRr(0.67− 0.06e−0.08α − (0.68− 0.5e−0.11α)e−KNIR
r LAI), (W) (A6)

NIRfv = NIRf (0.65− 0.65e−K
NIR
f LAI). (W) (A7)

The extinction coefficients are given by:

KNIR
f = 0.27, (A8)

KNIR
r = 0.25 + 0.38e−0.12∗α. (A9)

The total PAR absorbed by the canopy is also essential for the photosynthesis976

equation, where it is expressed in photosynthetic photon flux density (PPFD) at the977

wavelength of λ =550 nm.978

PPFDv =
PARrv + PARfv

h
c

λ
NA

, (µmol/m2/s ) (A10)

where NA is Avogadro’s constant (6.022× 1023 mol−1), h is Planck’s constant979

(6.663× 10−34 J/s) and c is the speed of light (2.998× 1017 nm/s).980
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A.2. Transpiration981

Transpiration is one of the main effects of the plant module; the process of water982

evaporation from small pores on the leaf surface called stomata, in response to photo-983

synthesis. This varies with the leaf area index (LAI), and solar radiation. As explained984

earlier, solar radiation is transferred directly from the BES model, and varies with985

window size, day of year, and shading.986

LAI on the other hand varies with growth rate of leaf and the specific leaf index987

(SLA). Indeed LAI = SLA× Cleaf . The SLA of lettuce is given as 35 m2/kg.988

Transpiration T is a function of the difference in moisture content at the plant989

surface Wv and the internal air Wi, the LAI, the latent heat of vaporisation of the990

air hfe, and ra and rs the aerodynamic and stomatal resistance to vapour transfer991

respectively (s/m) (Graamans et al. 2017).992

T = AFgAv2 LAI hfe
(Wv −Wi)

ra + rs
. (W) (A11)

The stomatal resistance is calculated based on the photosynthetic photon flux den-
sity, defined as the photon flux density of PAR (PPFD in µmol/m2/s).

ra = 100 or 200 (if forced air circulation is on/off), (s/m) (A12)

rs = 60
1500 + PPFDv

200 + PPFDv
. (s/m) (A13)

A.3. Crop growth, photosynthesis and respiration993

Photosynthesis is not directly dependent on humidity, provided there is sufficient water994

supply to the roots, and also does not appear to be significantly dependent on the995

crop type (Vanthoor 2011). Future developments of the model could however include996

inhibition factors due to excess humidity causing mould on the plants.997

The crop growth model for lettuces used here follows the tomato yield model by998

Vanthoor (2011), adapted for microgreens in Ward, Jans-Singh, and Choudhary (2018)999

for a hydroponic farm, and here for growing lettuces in a semi-commercial school1000

greenhouse. It is structured as a carbohydrate buffer and distribution model, where1001

the buffer (Cbuf ) stores the carbohydrates produced through photosynthesis and main-1002

tenance respiration, and distributes the carbohydrates to its plant organs (Cleaf and1003

Cstem) when the temperatures allow. These are measured in kg of carbohydrate CH201004

by area. This flow of carbohydrates is influenced by the actual temperature (Tv), the1005

mean and sum of the plant temperature over the last 24 hours (T 24
v and T sumv ). LAI1006

is a semi-state of the model as it increases proportionally to Cleaf . When the LAI ex-1007

ceeds its maximum value (6 in our case), the leaves are pruned back to 5% of their size,1008

which allows an approximation of the accumulated amount of harvested dry matter.1009

Essentially, the crop growth model is inhibited by temperature, and its respiration1010

and photosynthesis components are inhibited or promoted through solar radiation,1011

LAI and CO2 concentration.1012

Although the complete model is too complex to be fully included here, this section1013

will define the main equations for photosynthesis by presenting the calculations for the1014

leaf organ. The list of model parameters and associated symbols is inluded in table1015

A2.1016
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The change in mass of leaves over a timestep is defined by Equation (A14).1017

dCleaf
dt

= MCbuf→leaf −MCleaf→air −MCleafharvested, (kg/m2/s) (A14)

where MCbuf→leaf denotes the flow from the buffer to the leaf, MCleaf→air corre-1018

sponds to the maintenance respiration of the leaves and MCleafharvested is the dry1019

matter harvested in the timestep (all in kg/m2/s), and maintenance respiration in1020

The flow of carbohydrates from the buffer to the leaf corresponds to the photosyn-1021

thesis process and is defined in Equation A15. The maintenance respiration, with flow1022

from the leaves to the air, is defined in Equation A16. Their variation with temperature1023

and the amount available in the buffer (CBuf ) is illustrated in Figure A1.1024

MCbuf→leaf = htemphbufgt gleaf , (kg/m2/s) (A15)

1025

MCbuf→air = rleafMCbuf→leaf + rstemMCbuf→stem, (kg/m2/s) (A16)

where r is the respiration rate and g is the growth rate of the plant organs denoted1026

by their subscript.1027

As mentioned before, respiration and photosynthesis are inhibited by air tempera-1028

ture and the amount available in the buffer, as shown in Figure A1. The temperature1029

inhibition factor htemp was calculated based on four cardinal temperatures from Boote1030

and Scholberg (2006). Beyond a temperature Tbase and Tmax no flow of carbohydrates1031

is expected (htemp = 0), and it is optimal (htemp = 1) between two temperature points1032

Topt1 and Topt2 (Figure A1). The relationship in between is assumed to be linear. Car-1033

bohydrate flow is also limited by the amount available in the buffer, where hbuf = 11034

when there are sufficient carbohydrates available (Cminbuf < Cbuf < Cmaxbuf ). As growth1035

rate increases with temperature, the growth rate at 20 °C gleaf is multiplied by the1036

growth rate dependency on temperature gt (de Koning 1994), for its validated range1037

between 17 and 23 °C, beyond which it is restricted with the growth inhibition factors.1038

The differentiatable form of these equations is taken from Vanthoor (2011).1039

gt =0.048× T 24
v + 0.06, (A17)

hbuf =

{
1, if Cminbuf < Cbuf < Cmaxbuf

0, otherwise
(A18)

htemp =

{
1, if T 1

opt < T 24
v < T 2

opt

0, Tbase < T 24
v < Tmax

(A19)

The amount of carbohydrates available in the buffer depends on the net photosynthesis1040

rate An A20.1041

33



Figure A1. Flow of CH20 from the buffer to the leaf MCbuf→leaf (straight line), and from the leaf to the

air MCleaf→air (dotted line, maintenance respiration).

MCair→buf = MCH20 hbuf (An), (kg/m2/s) (A20)

where MCH20 is the molar mass of carbohydrates. An is the difference between the1042

gross canopy photosynthesis rate P , and mitochondrial respiration during light-time1043

Rd. These processes are limited by the saturation of the leaves, represented through1044

the inhibition factor hbuf .1045

Photosynthesis occurs in the chloroplasts of leaves, cells containing stomata, a gel-1046

like substance containing an enzyme called Rubisco, which converts CO2 to carbohy-1047

drates. This process is called carboxylation, and is modelled through three limiting1048

states: Ac limited by CO2 and the Rubisco enzyme (Figure 2(c)), Aj limited by light1049

and electron transport (Figure 2(b)), and As limited by accumulating starch at the1050

chloroplast (Figure 2(c)) (Farquhar, von Caemmerer, and Berry 1980; Von Caemmerer1051

2013; Bonan 2015).1052

An = min(Ac, Aj , As)−Rd, (µmol/m2/s) (A21)

where An is the carbon assimilation rate and Rd is the maintenance respiration rate.1053

Rd = min(Ac, Aj , As)
Γ

ci
, (µmol/m2/s) (A22)

The Rubisco-limited rate of photosynthesis Ac µmol{CO2}/m2/s is given by:1054

Ac =
Vcmax(ci − Γ)

ci +KC(1 + oi/KO)
, (µmol/m2/s) (A23)

where Kc and KO are the Michaelis-menten constants for carboxylation and oxy-1055

genation of Rubisco respectively. Vcmax is the maximum rate of carboxylation (Equa-1056
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tion (A30)). The rate of carboxylation is assumed to be equal to the maximum rate1057

of carboxylation in this model.1058

The electron transport limitation rate is:1059

Aj =
J(ci − Γ)

4(ci + 2Γ)
. (µmol/m2/s) (A24)

J is the rate of electron transport, taken from Farquhar, von Caemmerer, and Berry1060

(1980), as the smallest of the roots to the following equation:1061

θJ2 + (Jmax + α ∗ PAR)J + (αJmaxPAR), (A25)

where Jmax is t1062

The third limiting state lies in the plant’s ability to utilise the products of photo-1063

synthesis of starch and sugar, and is known as the triose phosphate limitation rate1064

which is given by:1065

As = Vcmax/2. (µmol/m2/s) (A26)

Here, ci is the CO2 concentration (umol/mol) at the site of CO2 fixation in the1066

chloroplast, taken to be 90% of air CO2 concentration levels (Bonan, 2013). Γ is the1067

CO2 compensation point, calculated from the oxygen partial pressure in the chloroplast1068

(Equation (A27)). τ is the CO2O2 specificity ratio for Rubisco from Table A1 (Collatz1069

et al. 1991), which is dependent on temperature.1070

Γ = oi/(2τ). (Pa) (A27)

Several of the parameters above depend on temperature. The kinetic constants Ko,1071

Kc and τ are calculated using the Q10 function in Collatz et al. (1991).1072

k = k25Q
(Ti−25)/∆T
10 , (A28)

where k25 is the parameter value at 25 °C and Q10 is the relative change in the param-1073

eter for a ∆T change in temperature. The 25 °C constants are summarised in Table1074

A1.

Table A1. Temperature varying parameters for Equation A28

k25 Q10 ∆T
Kc 30 Pa 2.1 10 °C
Ko 30 000 Pa 1.2 10 °C
τ 2600 0.57 10 °C

1075

The most sensitive parameters for this model are Jmax and Vcmax. There exists a1076

strong relationship between these two variables as they represent the resource alloca-1077

tion between the two photosynthetic cycles – electron transport and the Calvin–Benson1078

cycle. Since these vary with temperature (Bonan 2015; Walker et al. 2014), we used1079

the time varying equation in Vanthoor (2011) for Jmax (Eq. A29), and the relationship1080

of Vcmax with Jmax from Fan, Zhong, and Zhang (2011) (Eq. A30).1081
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Jmax = J25
maxe

Ej

Tv − T25,K

RTvT25,K
1 + e

ST25,K −H
RT25,K

1 + e

STv −H
RTv

, (µmol/m2/s) (A29)

where E and H are the activation and deactivation energy, and S is the slope of1082

Jmax’s relationship with temperature (Vanthoor 2011).1083

Vcmax = Jmax/1.64. (µmol/m2/s) (A30)

The effect of the three limitation rates on carbon assimilation (An) is shown in1084

Figure A2. Mean ambient conditions are set to 400 ppm, 25 °C and 5000 W of solar ra-1085

diation on the plant canopy. Varying An with visible radiation reveals the proportional1086

relationship with light, where An can reach 8.2 µmol/m2/s when 12 000 W of solar ra-1087

diation reaches the plant canopy. An increases rapidly with CO2 levels under 400 ppm,1088

but the effect of additional CO2 tapers around 1000 ppm, where An = 8.2 µmol/m2/s.1089

Carbon assimilation peaks with this model at 10 °C to 4.7 µmol/m2/s with the given1090

mean conditions of CO2 and light.1091

The potential fruit growth rate coefficient used in Vanthoor (2011) was 2.6 mg/m2/s,1092

from which growth rates of other plant organs and plant respiration rates were de-1093

rived. To adapt our model to lettuce growth, we decided to base the growth rate on1094

the yield of Growing Underground (Ward, Jans-Singh, and Choudhary 2018), which1095

was approximately 2 kg/m2/20 days in ideal conditions (at 20 °C), which gave a total1096

growth rate of 1.6 mg/m2/s, in line with values from Van Iersel (2003). The max LAI1097

of 6 was found from Slamet et al. (2017) and Tei, Scaife, and Aikman (1996). The1098

SLA was chosen as 35 m2/kg from a mean of literature values (Lee and Heuvelink1099

2003; Galieni et al. 2016). Pruning was assumed to happen continuously once Cleaf1100

surpassed LAI/SLA = 170 g/m2. To solve the discontinuity the solver is stopped and1101

reinitialised with the following conditions (called an event function in MATLAB).1102

Equation (A33) shows the newly initialised values post harvesting at time t = h + 1,1103

where t = h is the harvest time reached when Cleaf = Cmaxleaf . All units are in kg/m2.1104

Ct=h+1
leaf = 0.05× Cmaxleaf , (kg/m2) (A31)

Ct=h+1
leaf harvested = 0.95× Cmaxleaf , (kg/m2) (A32)

Ct=h+1
stem = 0.2× Ct=hstem. (kg/m2) (A33)

The total harvested amount of leaves is referred to as the Dry Matter (DM in1105

kg/m2). The fresh weight (FW) of harvested lettuce is calculated from the dry matter1106

weight, with η the conversion parameter, taken as the average from Fu (2008); Gent1107

(2012).1108

FW = ηDM. (kg/m2) (A34)
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(a) Varying temperature of plant

(b) Varying incoming solar radiation

(c) Varying CO2

Figure A2. Variation of amount of carbohydrates available in the buffer. With hbuf=1, it is equivalent to

the variation in carbon assimilation rate An.
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Table A2.: Input parameters and nomenclature for the GES-II
model

Input Annotation Number Unit Source

Physics constants
Avogadro’s constant NA 6.02E+23 mol−1 -
Planck’s constant h 6.66E-34 J/s -
Speed of light c 3.00E+17 nm/s -
Mean wavelength λ 5.50E+02 nm (Davis 2015)
Environmental conditions in
the GES-II
Internal air temperature Ti °C -
Moisture content of the internal
air

Wi kg/m3 -

CO2 concentration of the inter-
nal air

Ci ppm -

Temperature of the plant canopy Tv °C -
Moisture content of the plant
canopy

Wv kg/m3 -

Radiation model
Total solar radiation absorbed by
the vegetation

QSv W -

Direct visible radiation absorbed
by the vegetation

PARr
v W -

Diffuse visible radiation ab-
sorbed by the vegetation

PARf
v W -

Direct Near infrared radiation
absorbed by the vegetation

NIRr
v W -

Diffuse Near infrared radiation
absorbed by the vegetation

NIRr
v W -

Extinction coefficient (x is for di-
rect or diffuse, y is for PAR or
NIR)

Ky
x - De Zwart

(1996)

Leaf area index LAI - -
Photosynthetic photon flux den-
sity reaching canopy

PPFDv -

Transpiration model -
Fraction of growth AFg 0.9 - Vanthoor

(2011)
Latent heat of vaporisation of
water at 20°C

hfe 2437000 J/kg -

Transpiration rate T W Stanghellini
and van
Meurs
(1992)

Area of vegetation Av m2 -
Aerodynamic resistance ra s/m Graamans

et al. (2017)
Stomatal resistance rs s/m Graamans

et al. (2017)
Crop growth model
Mass of carbohydrates of leaf Cleaf kg/m2/s -
Mass flow rate from buffer to leaf MCbuf→leaf kg/m2/s -
Maintenance respiration rate of
leaf

MCleaf→air kg/m2/s -

Harvest rate MCleaf→harvested kg/m2/s -
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Table A2 continued from previous page

Input Annotation Number Unit Source

Mass flow rate from buffer to
stem

MCbuf→stem kg/m2/s -

Temperature inhibition factor
for leaf growth

htemp - Vanthoor
(2011)

Buffer inhibition factor for leaf
and stem growth

hbuf - Vanthoor
(2011)

Temperature growth rate be-
tween 17 and 23 °C

gt - de Koning
(1994)

Growth rate of leaf in optimal
conditions

gleaf 1.27E-06 kg/m2/s Assumed,
see text

Respiration rate of stem in opti-
mal conditions

rstem 7.40E-08 kg/m2/s Vanthoor
(2011)

Respiration rate of leaf in opti-
mal conditions

rleaf 1.27E-06 kg/m2/s Vanthoor
(2011)

Base temperature for crop
growth model

Tbase 10 °C Boote and
Scholberg
(2006)

Maximum temperature for crop
growth model

Tmax 34 °C Boote and
Scholberg
(2006)

First optimal temperature model T 1
opt 12 °C Boote and

Scholberg
(2006)

Second optimal temperature
model

T 2
opt 24.5 °C Boote and

Scholberg
(2006)

Mean 24 hour temperature of the
plant

T 24
v °C Vanthoor

(2011)
Maximum buffer capacity per
unit area of cultivated floor

Cmax
buf 0.8 kg/m2/s Vanthoor

(2011)
Minimum buffer capacity per
unit area of cultivated floor

Cmin
buf 0.04 kg/m2/s Vanthoor

(2011)
Molar mass of CH20 MCH20 0.03 kg/mol -
Molar mass of CO2 MCO2 0.044 kg/mol -
Specific leaf area SLA 35 m2/kg Average

from Lee and
Heuvelink
(2003);
Galieni et al.
(2016)

Dry matter harvest mass Cleaf harvest 0.1714 kg/m2 -
Max LAI at harvest LAImax 6 - Tei, Scaife,

and Aikman
(1996)

Cumulative harvested dry mat-
ter

DM kg/m2 -

Fresh weight of harvested crop FW kg/m2

Ratio of DM:FW η 8 - Average
from Fu
(2008); Gent
(2012)

Carbon assimilation rate
model
Carbon assimilation rate model An µmol/m2/s
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Table A2 continued from previous page

Input Annotation Number Unit Source

Rubisco limitation rate Ac µmol/m2/s
Electron transport limitation
rate

Aj µmol/m2/s

Triose phosphate (starch) limita-
tion rate

As µmol/m2/s

Maximum rate of carboxylation Vcmax µmol/m2/s Fan, Zhong,
and Zhang
(2011)

Rate of electron transport J µmol/m2/s
Maximum rate of electron trans-
port

Jmax µmol/m2/s

Gas constant for Jmax calcula-
tion

R 8.314 J/K/mol Farquhar,
von Caem-
merer, and
Berry (1980)

Slope for Jmax calculation S 710 J/K/mol Farquhar,
von Caem-
merer, and
Berry (1980)

Deactivation energy for Jmax cal-
culation

H 220000 J/mol Farquhar,
von Caem-
merer, and
Berry (1980)

Activation energy for Jmax cal-
culation

E 37000 J/mol Farquhar,
von Caem-
merer, and
Berry (1980)

Degree of curvature of electron
transport rate

θ 0.7 - Farquhar,
von Caem-
merer, and
Berry (1980)

Fraction of incident absorbed
PAR absorbed by leaves

α 0.385 mol{e}/mol{phot}Von Caem-
merer (2013)

Electron transport rate at 25 °C J25
max 250 µmol/m2/s Vanthoor

(2011)
Carboxylation rate at 25 °C V 25

max 152.4390244 µmol/m2/s
CO2 compensation point Γ - Pa Bonan

(2015)
Partial pressure of O2 in chloro-
plast

oi 2.12E+04 Pa Bonan
(2015)

Partial pressure of CO2 in
chloroplast

ci 0.9Ci/10 Pa Bonan
(2015)

Michaelis constant for carboxyla-
tion

Kc - Pa Collatz et al.
(1991)

Michaelis constant for oxidation Ko - Pa Collatz et al.
(1991)

CO2O2 specificity ratio for Ru-
bisco

τ - Pa Collatz et al.
(1991)
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