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 1

Quantifying energy symbiosis of building-integrated agriculture 1 

in a Mediterranean rooftop greenhouse. 2 

 3 

Abstract: 4 

A major concern for sustainable development is urban systems energy 5 

consumption. A possible way to gain additional whole system energy efficiencies is 6 

to integrate rooftop greenhouses (iRTG) on unoccupied roofs. This work presents 7 

actual environmental data (2015-2018) and calibrated energy modelling results to 8 

analyze the energy symbiosis between an iRTG and the host building. Simulation 9 

results illustrate that annually 98 kWh/m2
 of heating energy is passively recovered 10 

(84% during night time) from the building by the iRTG. Conversely the iRTG 11 

insulating capacity resulted in annual energy saving of 35 kWh/m2 for the host 12 

building (equal to 4% of the building’s annual energy needs). When combined an 13 

overall 128 kWh/m2 of net energy savings and 45.6 kg CO2 eq/m2 of savings are 14 

realised via iRTG. On average, iRTG daytime temperatures can be 5.1ºC warmer 15 

(summer) and -4.3ºC cooler (winter) than the building. This presents major 16 

potentials for recovery and exchange of heating and cooling energy flows through 17 

integrating heating and ventilation air conditioning systems of the building and 18 

iRTG. Hence, iRTGs can provide a source of renewable energy as well as a sink for 19 

building exhaust air to improve energy efficiencies of urban built environment and 20 

urban agriculture. 21 

 22 

Keywords 23 

Energy modelling, energy efficiency, industrial ecology, industrial symbiosis, building 24 

integrated agriculture, urban agriculture. 25 
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1. Introduction 40 

Energy-related carbon emissions are gaining increasing concern among societies 41 

[1,2] and represent a top priority for the international community to achieve a low-42 

carbon future. Buildings account for 40% of the total energy consumption in Europe 43 

and produce 36% of the greenhouse gases [3]. More than 50% of dwellings date 44 

before 1970 and thus are not adapted to current thermal regulations[4]and are 45 

greatly energy inefficient. Also, only 0,8-1,2% of the building stock is renovated 46 

every year [5]; this is far from the building renovation rate of 3% suggested by the 47 

Energy Efficiency Directive [6] in order to reduce built-environment energy demand 48 

32.5% by 2030. As a result, a wide range of global initiatives have the objective to 49 

increase building energy performance by legal mandates, policy instruments and 50 

directives in the EU [6-8] that encourage member states to apply energy efficiency 51 

measures in buildings.  52 

 53 

Another currently inevitable trend is the 68% increase in urban population by 2050 54 

with 85% of total population living in cities [9,10]. A direct impact is not only an 55 

increased demand and dependency on energy but also in water, food or land 56 

resources [11]. Moreover, these are normally shifted away from cities and thus, 57 

include the inefficient supply chains related to non-local resources. This is the case 58 

in agricultural systems, since the increasing population and the value of land in 59 

urban areas has moved food production away from urban regions, contributing to 60 

the increase in carbon-intensive supply food chains [12]. One of the most used 61 

agricultural systems for food production are greenhouses, as they efficiently use the 62 

resource-inputs to offer a controlled and resilient environment able to prolong crop 63 
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season and improve crop yields [13-17]. Thus, they can potentially satisfy the 64 

growing demand [18]. In turn, however, they are the dominant energy consumers in 65 

the agricultural sector [19,20], accounting for 10-15% of the energy usage in Europe 66 

[21] and in developed countries [22].  67 

 68 

Buildings and heated greenhouses are closely linked systems as they require high 69 

thermal and power demands during their respective operational phases [22,23]. In 70 

turn, both respective systems waste energy through (i) the building envelope 71 

(particularly when this is poorly insulated); and (ii) the greenhouse natural 72 

ventilation, when overheating occurs (>26ºC) at times of high solar irradiance. There 73 

are potential benefits from harvesting these wasted-energy flows by adapting an 74 

integrated and circular approach [24,25]. Low grade building waste energy can be 75 

used as a valuable heat input for greenhouses and vice versa in order to improve 76 

the sustainability of the combined system. This idea expands the prevailing systems 77 

approach that unites different isolated solutions to decarbonize multiple systems 78 

through the inclusion of other factors in a more holistic approach [26]. 79 

 80 

An illustration of current technologies and strategies that aim to improve isolated 81 

system elements are the studies that focused on reducing building energy needs by 82 

means of active (e.g., renewable energy) and passive solutions (e.g., insulation 83 

materials or bioclimatic strategies) [23,27,28]. Commercial greenhouses aim to reduce 84 

energy inputs also by active solar energy and ground heating solutions [29-31], and 85 

favor passive techniques such as north walls in east-west oriented greenhouses built 86 

at high latitudes in the northern hemisphere. These widely studied strategies [32] can 87 
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save 30% of energy requirements [33], as they play an important role in greenhouse 88 

thermal insulation [34,35]. However, results from these studies show that they are not 89 

always sufficient, or that they should be implemented together with other solutions to 90 

progress into zero or nearly zero-emissions greenhouses and buildings [6]. To this 91 

effect, synergic approaches as building-integrated agriculture (BIA), demonstrate that 92 

industrial symbiosis has the potential to improve products and technologies by 93 

exploiting synergies with industrial neighbors through the exchange of materials and 94 

energy [36]. In turn, the development of industrial waste heat among other alternative 95 

heating systems, could reduce carbon emissions at the European level by 17–30% by 96 

2050 with respect to the same heat demand level in 2010 [2].  97 

 98 

The benefits of BIA have been studied from different perspectives, including food 99 

waste, nutrient and water cycle [37], to improve resource efficiency but not studied 100 

in depth from the energy perspective yet [38]. This is despite its benefits being 101 

commonly acknowledged widely [39-42]. Furthermore, existing rooftop agriculture 102 

studies focus on isolated energy benefits either from (i) the building perspective, 103 

due to the greenhouse insulation effect; or (ii) the greenhouse perspective, due to 104 

the energy gains recovered from the building. It could be because it requires 105 

integration and exchange of information between the various disciplines involved 106 

which need to solve more complex theoretical and practical issues [39].  107 

 108 

From the greenhouse efficiency perspective, commercial greenhouses are identified 109 

as an ideal application for low grade industrial heat to produce food year-round 110 

[43]. In line with this, some studies have focused on energy savings derived from 111 
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recovering low grade energy heat from both industrial parks [44,45] and buildings 112 

[12]. However, there are unexplored opportunities for capturing waste heat from 113 

adjacent buildings for non-rooftop agriculture as well [38]. Building’s thermal 114 

storage media (i.e. concrete floors and brick walls) and its high thermal 115 

transmittance (approximately 0.9 W/m2K) could offer plant-growing spaces that 116 

perform thermally better than most soils (equal to 0.5 to 0.8 W/m2K, depending on 117 

the water content) [46]. In an integrated rooftop greenhouse (iRTG), the building’s 118 

concrete rooftop absorbs solar incident radiation, converts it to latent heat during 119 

the day, and releases it at night inside the rooftop greenhouse [47]. Such iRTG 120 

industrial symbiosis have the potential to provide year-round growing conditions 121 

for food production in the urban context, as well as mitigate urban heat island 122 

effect [38]. 123 

 124 

From the building perspective, some studies demonstrate the energy savings 125 

derived from adding an insulation layer to a building through an iRTG [48-51]. 126 

Because of the limited number of studies conducted, these energy benefits are 127 

normally compared with other green infrastructures, such as green roofs, which 128 

achieve similar results [52-54]. Energy gains derived from evaporative cooling in 129 

greenhouses [55] have been explored, but very few studies address the potential 130 

benefits of reducing the HVAC building demand from utilization of greenhouse 131 

waste heat [51]. In this respect, rooftop greenhouses not only provide building 132 

energy savings by means of passive thermal insulation, but their climate controls 133 

can also be directly integrated into the building’s HVAC system to exploit the 134 

energy savings of the overall system [38].  135 
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 136 

The aim of this work is to report the energy benefits of building integrated 137 

agriculture (BIA) by means of (i) a calibrated energy model and (ii) the thermal 138 

analysis of a case study building placed in a Mediterranean region that incorporates 139 

an integrated rooftop greenhouse (iRTG). This case study was previously assessed 140 

with a calibrated energy model that quantified the recovered heat from the building 141 

[12] and the greenhouse ([56]. Here, an improved version of this energy model is 142 

further analyzed and combined with additional real-world data from 2015 to 2018 143 

to determine the thermo-physical influence of the iRTG on the building and vice 144 

versa. In doing so the overall net energy gains of the building-greenhouse system 145 

are presented, and guidelines to improve energy savings are given for three 146 

additional scenarios that are developed from observations of the case study 147 

building. This demonstrates the potential effectiveness of bidirectional energy 148 

symbiosis of building integrated greenhouses in order to improve the urban 149 

metabolism.  150 
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2. Methods 151 

2.1 Case study 152 

The Institute of Environmental Science and Technology (ICTA) is a research center 153 

and laboratory facility in the compounds of the Universitat Autònoma de Barcelona 154 

(UAB). The building is located in a suburban area in the Bellaterra Campus, 155 

Barcelona and is one of the first real-world demonstrator buildings that 156 

incorporates integrated rooftop greenhouses (iRTGs) in addition to the office and 157 

laboratory spaces. The building comprises of 2 underground floors (housing 158 

laboratories, building technical systems and parking facilities, see Figure 1 and 159 

Figure 2) and 4 more floors above the ground floor (housing the office spaces and 160 

laboratories on the 3rd floor). The fourth floor (i.e., the rooftop) integrates the 4 161 

iRTGs (with two in operation, measuring 128 m2 each) for food production and 162 

provides a research platform for building-integrated agriculture in the urban 163 

context. The translucent nature of the rooftop including the iRTGs constitutes a 164 

fundamental part of the building bioclimatic strategy and ecodesign, which also 165 

incorporates geothermal heat pumps and enhanced natural ventilation regimes via 166 

4 atriums and a double skin façade. The geothermal heat pump (located in floor -1) 167 

actively heats the building spaces by means of the active floor, ceiling beams and 168 

air handling units (AHUs), which constitutes the heating and ventilation air 169 

conditioning (HVAC) system of the building. Every heated space in each façade 170 

hosts a machinery room where the HVAC system are located, including the AHU 171 

(see Figure 1 and Figure 2). These active heating systems are combined with passive 172 

strategies thanks to a Supervisory Control and Data Acquisition (SCADA) intelligent 173 
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building automation system (see Table A.2 for component details), which enables 174 

automatic control adjustments and experimental data collection. 175 

 176 

 177 

Figure 1. SE façade and cross section of the ICTA building and the iRTG 1 location in the 4th floor. 178 

 179 

The integrated rooftop greenhouses are able to exchange resource and energy 180 

flows with the building by means of their shared physical space. To enhance this 181 

resource circularity, the AHUs and the HVAC control systems of the laboratories on 182 

the 3rd floor are located next to the iRTG (see Figure 1 and Figure 2); by means of 183 

inlet and outlet air pipes from and to the HVAC systems, exhaust air from 184 

laboratories can be conveyed to the greenhouses and vice versa when needed. 185 

 186 
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 187 

Figure 2. Temperature (T) and relative humidity (RH) sensors of the unheated common areas and exterior weather 188 

conditions (in red), heated offices and laboratories (in orange) and electricity energy meters from geothermal heat 189 

pumps (in blue) within the cross section of the ICTA building and floor plan of the 4th floor with the iRTG. 190 

 191 

2.2 Climate control schedules and monitoring tools 192 

The ICTA building is designed to satisfy both occupant and rooftop crop 193 

temperature requirements. Its climate is therefore actively managed leading to on-194 

going control adjustments, either automatic (user defined) or manual (when 195 

needed, e.g., office window openings). The building has 3 season operating modes: 196 

winter mode from December to March; summer mode from June to September; 197 

and temperate months for the rest of the year. The ICTA building footprint is 40 m 198 

× 40 m and the building is 22 meters high. The translucent building envelope made 199 

out of polycarbonate supported by a steel structure forms the double skin façade 200 

and the rooftop fabric (see Table A.1). This volume contains an interconnected 201 

unheated volume that houses different isolated heated spaces inside. These heated 202 

spaces are climatically controlled according to their usage, leading to 5 control 203 

schedules that administrate their internal climate as follows: 204 

 205 



 11 

1. Workspaces and offices are kept at of 21-23-25ºC depending on the season 206 

(winter – temperate – summer). Users can regulate these temperatures ± 1.5 207 

ºC if desired. 208 

2. Laboratories (at 3rd floor and floor -2) range from 22º to 23ºC depending on 209 

the laboratory requirements. At the 3rd floor, continuous air extraction from 210 

7:30h to 20:30h maintains the laboratory equipment at a differential positive 211 

air pressures of +10 Pa.  212 

3. iRTGs (4th floor) are not actively heated. When available and according to 213 

building air renovations, forced ventilation from laboratories can passively 214 

heat or cool the greenhouse (see Table A.2 for detailed specifications). 215 

Thermal-shading curtains (see Table A.1) can isolate the greenhouse spaces 216 

with the building and the exterior when needed. Automatic window 217 

openings of the rooftop and the façade of each iRTG are independently 218 

controlled with respect to the rest of the building skin. The greenhouse 219 

internal temperature defines the opening angle of the side windows on the 220 

roof and the façade starting at 22ºC (10º opening) to 27ºC (45º opening, 221 

with 3 minutes of system-defined dead band). 222 

4. Open common space areas are not actively heated or cooled. The inner 223 

temperature of the unheated common areas are calculated by the average 224 

of the sensors placed in the ground, 2nd and 4th floor (Figure 2). This average 225 

temperature determines when the rooftop windows automatically open to 226 

naturally ventilate in case of overheating (i.e. independently from the exterior 227 

temperature). The system-defined temperatures are set at 30 ºC, 24 ºC and 228 

22 ºC during winter, temperate and summer months respectively with a -3ºC 229 
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dead band. Rooftop-automatic windows also open when temperatures in the 230 

rooftop reach 28ºC on all seasons. 231 

5. Double skin façade. Analogously to the rooftop operating system, 232 

temperature sensors placed in the midpoint of each double skin façade (and 233 

in ground, 2nd and 4th floors) are used to calculate the average of each 234 

double skin façade temperature. These determine the target temperatures 235 

that automatically open one-side windows in each building skin façade at 26 236 

– 24 – 22 ºC with -4ºC of dead band, according to season. 237 

 238 

The SCADA control panel comprises the main building automation system 239 

responsible for the working modes, climate controls, windows schedules, etc. The 240 

interface is provided by Desigo™ Insight software (Siemens Building Technologies 241 

Ltd) and integrates all building sensors (> 2000) and actuators. Part of these 242 

components (340) produce hourly data, measuring temperature and relative 243 

humidity (Siemens Symaro QFA3160 with an accuracy of ±0.6ºC and ±2% 244 

respectively), and energy (Siemens Sentron PAC3100, with an accuracy standard 245 

Class 1) that is recorded in a SQL database since September 2014. Data error 246 

checking and depuration process are latter performed with Tableau Desktop 247 

(Tableau Software). These tools are offered to the building operators and 248 

researchers in order to monitor, check and control the operating system in a 249 

coordinated way. 250 

 251 

In order to prevent data losses and check the sensors accuracy, 85 sensors from a 252 

Campbell data acquisition system complements the Siemens building data. Sensors 253 
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placed in the iRTGs and inside and outside the building measure the air 254 

temperature (Campbell 107, ±0.18ºC accuracy) relative humidity (Campbell CS215, 255 

±2% accuracy) and global solar radiation (Hukseflux LP02, second class 256 

pyranometer) every 5sec, recording the averages at 10-minute intervals. Figure 2 257 

shows the location of the main sensors used to report the results of this work from 258 

Siemens and Campbell systems. 259 

 260 

 261 

2.3 Data backhaul and model calibration 262 

The availability and affordability of pervasive sensors and energy consumption data 263 

in the ICTA building (and the wider building industry) has enabled the creation of 264 

high-fidelity energy models that have the potential to improve environmental 265 

strategies, aid the design of advanced control strategies [57] and optimize building 266 

materials and retrofit solutions [58]. When calibrated to meet American Society of 267 

Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Guideline 14 [59] 268 

acceptance criteria, EnergyPlus models have been demonstrated to predict 99.5% of 269 

annual hourly temperatures with an accuracy of ±1.5 °C [60]. 270 

 271 

A vast volume of information is required to adequately describe a building which 272 

nonetheless contain major simplifications within the modeling work. Given that the 273 

research team intended to assess both energy and environmental performance of 274 

building integrated agriculture in the ICTA building, an EnergyPlus model was 275 

devel0ped and calibrated using both building energy and iRTG internal zone dry-276 

bulb temperature and relative humidity. An earlier publication reported on the 277 
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prediction accuracy of the EnergyPlus model that reproduced annual internal 278 

temperature and humidity results with respective MBE and CV(RMSE) values of 2.6% 279 

and 11.5% (RH) and 2.9% and 15.9% (temperature) [12]. In order to examine 280 

additional energy scenarios in this work, new calibration results are reported using 281 

the aforementioned EnergyPlus model that are parameterized with thermo-physical 282 

and operational parameter inputs outlined in table A1. Metered monthly energy 283 

consumption belonging to year 2015 and site-specific weather data (direct and 284 

diffused solar irradiance (Wh/m2), temperature and relative humidity, wind speed 285 

and direction, atmospheric pressure) are used within an EnergyPlus v9.2 platform. 286 

As well as modelling data, actual high-resolution field data from years 2016 to 2018 287 

compiled using building management sensors has been used to report on the 288 

thermal benefits of rooftop greenhouse integration and build evidence on all 289 

energy saving potentials. Finally, by combining modelling and real data, several 290 

energy related alternative scenarios are proposed and investigated in order to offer 291 

insight scaling the learning from ICTA building across other climatic conditions.  292 

 293 

 294 

 295 

Figure 3. Rendered global view of calibrated EnergyPlus model with four iRTG configuration outlined. 296 

 297 
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More specific to the nature of modeling effort in this work is the deployment of 298 

EnergyPlus Energy Management System to introduce dynamic cooling effect of 299 

plants in the greenhouse. This experimental solar-radiation based model for 300 

Mediterranean greenhouses developed by Bonnachela [61] has been used as a 301 

control logic in EnergyPlus to compute plant transpiration and cooling effect. This is 302 

to reflect significant coverage of dense vegetation in summer months (for tomato 303 

crop cycles from January to July) that produces a cooling effect through plant 304 

transpiration as opposed to a conventional roof surfaces that absorbs and transmit 305 

solar energy into the building. Additional details on optical properties of translucent 306 

material, surface convective coefficient representation and plant transpirations are 307 

available in [12,56]. 308 

 309 

2.4 Energy scenarios 310 

In order to assess the energy benefits from the building to the greenhouse and vice 311 

versa, three scenarios are proposed (Figure 4). These additional scenarios aim to 312 

identify and assess separate possible energy-flow paths across hourly and monthly 313 

conditions through all year. The scenarios presented here are all passive and require 314 

no additional energy inputs, but offer exchange of existing energy flows that 315 

improves overall efficincy as identified in established classifications [15]. Each 316 

scenario can include multiple energy flows, numbered and cited accordingly. The 317 

energy assessment of scenarios 1 and 2 has been done through calibrated 318 

EnergyPlus models (using 2015 data for calibration) which simulates year 2015 319 

climate conditions, while scenario 3 has been supported with the hourly 320 
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temperature records available from 2016-2018 period. The results assess the overall 321 

benefits of the energy symbiosis of the integrated systems under examination here. 322 

 323 

• Scenario 1 evaluates the heat flows transferred from the building to the 324 

greenhouse through calculating the energy demand of an identical 325 

greenhouse model in a freestanding condition placed on the ground. For 326 

that purpose, a complete model of the iRTG and the ICTA building was 327 

previously calibrated to validate building and greenhouse model 328 

performance [12]. Next, a virtual model of the iRTG detached from the 329 

building was simulated maintaining the same geometry and corrugated 330 

polycarbonate covering (U-value = 5.7 W/m2, see table A.1) operated in a 331 

freestanding mode in the same location and under the same operating 332 

regime as the iRTG in the ICTA building (i.e. window openings, operating 333 

schedules and occupancy pattern). The heating benefits (kWh/m2) of the 334 

iRTG can be obtained by simulating the freestanding model to achieve the 335 

same inner temperatures as the integrated greenhouse. In doing so the 336 

heating system in the freestanding greenhouse model simulates the same 337 

thermal demand as was recovered in the form of waste heat from the 338 

building by actual iRTG. Actual 2015 zone air temperature in iRTG form 339 

EnergyPlus target temperature for the freestanding model to accurately 340 

replicate the iRTG internal environmental conditions, while KIVA software 0.3 341 

generated hourly soil temperatures for the freestanding greenhouse model 342 

to account for zone air to soil thermal interactions in the freestanding 343 

model. Here, further analysis in this energy model allowed to identify night 344 
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and day heating requirements and properly contextualize the resulted 345 

benefits with the energy and thermal assessment of the building. 346 

 347 

• Scenario 2 evaluates the insulative effect of the greenhouse for the building 348 

through calculating the heating demand of the building without the iRTGs 349 

on rooftop level. To this purpose, the calibrated model of the ICTA building 350 

with the iRTG has been modified by removing the polycarbonate translucent 351 

rooftop (U-value = 5.7 W/m2, see full description on table A.1). The resulting 352 

new roof on the 3rd floor is defined with a standard light-weight concrete 353 

roof structure insulated with an extruded polystyrene and concrete finishing 354 

layers that achieves a U-Value of 0.41 W/m2K, according to the minimum 355 

thermal requirements outlined by the Spanish Technical Building Code for 356 

the Barcelona region CTE-DB-HE [62].  357 

 358 

• Scenario 3 investigates the night cooling effect of the building envelope 359 

through the automatic windows of the ICTA building and the iRTG by 360 

analyzing the hourly temperatures registered within the unheated spaces of 361 

the building. The rooftop windows operate as a Venlo greenhouse, with 362 

openable roof windows on both sides of the ridge. Currently these windows 363 

open automatically up to 45º respect to the roof slope (also at 45º from the 364 

horizontal plane, see Figure 1 and Figure 2). However, during nighttime, they 365 

open for a maximum angle of 15º only to avoid water condensation when 366 

the mean temperature of the building rises more than 22ºC while 367 

maintaining a -3ºC of dead band (as mentioned in section 2.2). The exterior 368 

climate therefore influences the temperature drop in the 4th floor to provide 369 
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cooling benefits to the rest of the building as evidenced by observing actual 370 

temperatures resulting from this night cooling strategy. 371 

 372 

373 

  374 

Figure 4. Studied energy scenarios with each scenario goal and detailed energy flows properties. 375 
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3. Results and Discussion 376 

3.1 Calibration results 377 

As noted earlier, calibrated models – when parameterized with detailed thermo-378 

physical and operational building characteristics – have been demonstrated to 379 

produce environmental and energy predictions with minimal errors. The energy 380 

model was calibrated with actual site-specific hourly temperature, relative humidity, 381 

wind and solar irradiance data from 2015 [12]. The simulation results presented 382 

here has been built on previous work [12,56] whereby through a systematic version 383 

control method, 25 successive model versions were refined progressively to 384 

produce monthly Mean Bias Error (MBE) and Cumulative Variance of Round Mean 385 

Square Error (CV (RMSE)) values for model electricity prediction using expressions 1 386 

and 2: 387 

 388 

��� =  ∑ ��	
�	�		��
∑ �			��

     (1) 389 

�� ������ =  �∑ ���	
�	��/�	�		��
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   (2) 390 

 391 

where Mi and Si are respective measured and simulated energy data at month i, and 392 

Ni are the 12 months used to calculate error against 2015 actual data. The main 393 

indices for the parameterization of the model are outlined in Table A.1. Most 394 

notably given that heating and cooling in the case-study building is provided by 395 

GSHPs, coefficient of performance of these units were set to 3.5 (heating) and 2.5 396 

(cooling mode) in order to reflect the real world findings outlined in Table 3 of [63]. 397 

These energy calibration results are illustrated in Figure 5 [a]. As evident, the 398 
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EnergyPlus model creates its largest errors (a MBE of -3.3%) in the month of 399 

January. While all across the year the HVAC and activity schedules governing 400 

EnergyPlus simulation of ICTA were kept constant, a reduced activity schedule for 401 

the month of January alone had to be defined in order to reflect the more limited 402 

amount of occupant’s activity in January in order to finally arrive at the calibrated 403 

model energy MBE and CV(RMSE) values of -2.1% and 12.7% respectively. Both of 404 

these indices fall within the ASHRAE guide 14 calibration limits [59].  405 

 406 

Despite achieving compliance figures, under -predictions persist in summer months 407 

(July and September) due to natural ventilation from stochastically occurring 408 

manual window opening and such stochastic activities are not captured by the 409 

deterministic schedules overseeing the EnergyPlus simulation. While model energy 410 

results achieve calibration criteria, the more random nature of reality is evident in 411 

the final results presented here. The final calibrated model produces an overall 412 

annual over-prediction of 17.7kWh (or -2.1%) with maximum and minimum monthly 413 

errors occurring in September (+1.8%) and October (+0.03%) respectively. Further 414 

work could also more closely match acceptance criteria for electricity consumption 415 

values across multiple years as well as investigate the accuracy of model 416 

temperature and humidity predictions. 417 

 418 

 419 
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420 

  421 

Figure 5. Calibration results for E+ model with 2015 measured demand and simulated demand with [a] Uniform 422 

annual activity schedules and [b] Unique January activity schedule. 423 

 424 

3.2 Building thermal performance 425 

Average building hourly temperatures, including unheated and uncooled zones, 426 

were recorded during 2016 to 2018 period (Figure 6). For each month, the average 427 

hourly measured air temperature of the ground, second and fourth floors are 428 

represented as shown in the x-axis (see Figure 2). These air temperatures capture 429 

the condition of the unheated zones of the ICTA building which are located 430 

between office and laboratory spaces (for ground to 3rd floor) and also between the 431 

iRTGs on the 4th floor. Broadly speaking the graph shows a high stratigraphic 432 

temperature distribution within the building floors. These thermal gradients are 433 

strongly influenced by the building materials that act as a thermal stabilizer across 434 

the whole year in the ground and second floor (hourly temperatures vary from 3 to 435 
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5ºC daily), with the second floor being always warmer than the ground floor. 436 

Conversely, the greenhouse effect dominates the 4th floor temperatures during day 437 

due to the translucent greenhouse cover. Thus, hourly average temperatures are 438 

more dynamic across the year, and more similar to the exterior temperature during 439 

night time, when they are influenced only by the concrete slab and the building 440 

inertia. 441 

 442 

Figure 6. Monthly and hourly (in color scale) average temperatures recorded during the 2016-2018 period on the 443 

ground, second and fourth floor of the ICTA building. 444 

The wide range of hourly average temperatures across the year allow us to 445 

understand the overall thermal distribution within the building including the rooftop 446 

(Figure 6) and building heated areas (Figure 7). This wide range of thermal profiles 447 

within the envelope of the building highlights the potential energy gains that can 448 

be exchanged between most appropriate spaces. In order to condense a large 449 

number of data points and enable insights to be derived, the analysis here focuses 450 

on three seasonal variations, namely (i) cold, (ii) hot and (iii) temperate months. 451 
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 452 

(i) During the coldest months (from December to March), minimum ground floor 453 

temperatures were 11ºC at 7h, and raised to a maximum temperature of 17ºC at 454 

15h. Similarly, temperatures ranged from 13 to 19ºC on the second floor. These 455 

common areas are not actively heated but still reach 14ºC during most of the 456 

annual cycle (91% of hours), which is within the human comfort temperature for 457 

transit areas [64]. By contrast, temperatures inside the iRTG on the 4th floor are 458 

more dynamic than ground and second floor temperatures, with temperatures 459 

ranging from 16 – 26ºC during daytime and 14 to 18ºC at nighttime, which 460 

generally satisfy the optimal temperatures for crop cultivation. 461 

 462 

(ii) During the hottest months (June to September), there is a wider range of 463 

temperatures in the ground and the second floor of the building than in cold 464 

season, with temperatures ranging from 21 to 27ºC. The greenhouse is cooler 465 

between 7 and 9h in the morning than between 12 and 13h, when it reaches 466 

maximum temperatures of 31ºC (see Figure 6). Maximum greenhouse temperatures 467 

of 31ºC have a negative effect on plant growth (optimum crop growth 468 

temperatures is 13-20ºC at night and 20-28ºC during day time, depending on crop 469 

types) [65]. The building thermal inertia created by 48 cm lightweight concrete slab 470 

floor system (which incorporated circular service ducts) negatively effects ideal night 471 

temperatures for crops as they are greater than 20ºC (see Figure 7). The exposed 472 

rooftop floor to the exterior night conditions produce greenhouse temperatures 473 

0.5ºC lower than temperatures in lower building floors. Cold temperatures are 474 

transferred to the concrete media and produce thermal inversion in the rooftop, 475 
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aiding to cool down greenhouse daytime temperatures from 7 to 9h. Furthermore, 476 

the opening of iRTG and automatic building façade windows and high wind speed 477 

on the rooftop provide natural ventilation. Wind velocities on the rooftop are 2.6 478 

times higher than at 2m above ground floor. Wind velocities are also higher during 479 

the hottest periods of the day (14-17h), enabling more passive ventilation and 480 

therefore building cooling capacity to overcome the rising temperatures in the 481 

greenhouse.  482 

 483 

(iii) Finally, during temperate months (April, May, October and November) 484 

intermediate temperature conditions between the hottest and coldest months are 485 

recorded. Minimum temperatures are around 14 to 18ºC while rooftop greenhouse 486 

temperatures rise to nearly 28ºC. This excess of temperatures in the rooftop 487 

combined with low temperatures in the communal spaces offer an ideal condition 488 

to recover and convey waste heat from to greenhouse to the building and store it 489 

by means of its thermal mass. 490 

 491 

 492 
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 493 

Figure 7. Hourly average temperatures within the ICTA building and exterior global solar radiation in cold, temperate 494 

and warm months 495 

3.3 Thermal energy potential 496 

As illustrated in Figure 7, the temperature dynamics of exterior and unheated 497 

building spaces have a notable contrast with more constant environments of offices 498 

and laboratories that are actively heated at temperatures between 21 and 25ºC. 499 

Also, the building high inertia forces the building HVAC system to be permanently 500 

operating, offering the possibility to heat and cool the greenhouse all over the year 501 

thanks to the system integration with the greenhouse. Thus, office air exchange and 502 

exhaust air from laboratories can be redirected to the greenhouse instead of 503 

discharged to outside, aiding to heat and cool the greenhouse. Night time thermal 504 

differences between offices versus greenhouse spaces are respectively 5.7 ± 2.4ºC 505 

(cold months) and 3.6 ± 1.5ºC (temperate months) which present a potential source 506 

of heat for the greenhouse. Laboratories also offer cooling capacity, especially 507 

during warm months given that they are 4.3 ± 2.7ºC cooler than rooftop spaces. 508 

 509 
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The greenhouse can also heat the building by acting as a solar collector [66]. The 510 

rooftop temperature reached more than 21°C during 73% of the annual daytime (or 511 

53% of the total annual hours) across the observational horizon of 2016-2018. Also 512 

note that in January, temperatures reached up to 24ºC, which translated into a 513 

+10.6ºC difference with respect to exterior temperatures during peak sun hours. 514 

Minor differences occurred during temperate (+7.0ºC) and warm months (+3.2ºC) 515 

as the excess of heat is then dissipated thanks to the automatic building natural 516 

ventilation. The closed greenhouse concept [67] can be applied to convey the 517 

excess thermal heat (i.e., when available) to the building with forced energy flows 518 

that could maintain the greenhouse temperature while reducing the building 519 

energy loads. Further research could capture this active intra-building energy 520 

exchange scenarios to explore all possible energy flow exchanges between the 521 

building and the greenhouse. 522 

 523 

 524 

3.4 Energy scenarios 525 

 526 

Scenario 1: Building energy recovery: The building waste heat recovered by the 527 

greenhouse has been estimated in this scenario by simulating the heating energy 528 

needs of a freestanding greenhouse. These energy benefits were modelled in 529 

previous work [12] which using 2015 site-specific weather data equated to 342 530 

kWh/m2/year of thermal energy. This work showed that maintaining the same 531 

environment as iRTG in a freestanding greenhouse resulted in monthly energy 532 

needs that were highest during night time (288 kWh/m2/year, i.e., 84% of annual 533 

energy needs), and especially during winter time when average night temperature 534 
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range was 4 – 8ºC (Figure 8). This can be explained through the temperature drops 535 

registered during night time in the 4th floor compared to other building floors 536 

(Figure 7), which denotes heat energy flows are being transferred from the building 537 

to the greenhouse. Hence, the iRTG specially benefits from the building inertia 538 

during nighttime, when iRTG temperatures compared to the exterior can be up to 539 

8ºC higher during cold months. Nighttime benefits are also reported in other 540 

greenhouses in the BIA context [68]. Similarly, heating requirements are lower as 541 

average temperatures increase. However, note that there are daily heating needs 542 

even in summer months in early morning hours [12]. The overall annual greenhouse 543 

simulated heating load is in line with the average heating load demand of 416 544 

kWh/m2/year for north-west European countries [69] and in the Mediterranean 545 

region, within 139-444 kWh/m2/year [12]. Finally, if these heating needs were 546 

covered by the same building ground source heat pumps (CoP 3.5, see Table A.1), 547 

the equivalent electricity needs would be 98 kWh/m2. This allows to compare 548 

simulation results between scenarios while considering the electricity inputs to 549 

passively operate the greenhouse. 550 

 551 
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 552 

Figure 8. Monthly energy needs of the freestanding greenhouse during day and night time (left axis) with average day 553 

and night time dry bulb temperatures (right axis).  554 

 555 

Scenario 2: Greenhouse insulation effect: Rooftop greenhouses have positive 556 

effects on the building thermal insulation [15,39,70] similarly to other building 557 

green infrastructure types [71-73], including living walls [53,74]. In this work, 558 

EnergyPlus simulation results showed a 32 kWh/m2/year (expressed as m2 of 559 

greenhouse) of net reduction in the building electricity consumption that is used for 560 

space heating. Moreover, this is noticeable in cold months and particularly from 561 

October to April in 2015 (see Figure 9) when the rooftop temperature is higher 562 

than the building temperature. The buffering effect in the greenhouse acts as a 563 

passive insulative layer for the building during daylight time. Therefore, the space 564 

heating produced by solar irradiance and realised in iRTG is beneficial not only for 565 

the crop environment in iRTG but also the host building. During the hottest periods 566 
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when higher solar irradiance is available for plant growth, more biomass will also be 567 

available that could block solar radiation with plant leaves. That will reduce the 568 

sunlight reaching the rooftop and hence, reduce overheating. Evapotranspiration 569 

effect of plants produces a cooling effect [74] in the same way as the evaporative 570 

cooling works in greenhouses [55], which is currently used as a passive technique to 571 

reduce the overheating in building-integrated agriculture [75,76]. Due to this effect 572 

and the greenhouse insulation capacity all over the year, simulation results point 573 

that evapotranspiration of plants supersedes the greenhouse effect and show a 574 

small reduction of the building net cooling duty of 3 kWh/m2/year. However, there 575 

have been overheating hours in the inner spaces between greenhouses (were plants 576 

are not grown) with temperatures reaching up to 32ºC and this could imply that 577 

additional cooling is needed for the rest of the building if the greenhouse surfaces 578 

are not covered by plant foliage and merits further analysis.  579 

 580 

The overall net insulation effect of the iRTG sums up to 35 kWh/m2/year and 581 

represents 4% of energy savings on the annual building electricity needs. This result 582 

is in line with previous studies quantifying the energy savings from adding an iRTG 583 

to a building as an insulation layer [48-51]. These studies have shown that, 584 

depending on the roof insulation capacity the energy savings can range from 3 to 585 

13% of building demand. Here, the insulation capacity chosen is 0.41 W/m2K to 586 

represent fabric thermal requirements defined by the Spanish Technical Building 587 

Code [62]. Thus, considering the poorly insulated building stock in Europe, greater 588 

energy savings can be obtained by adding rooftop greenhouses as a retrofit 589 

measure in buildings [48]. 590 
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  591 

 592 

Figure 9. Simulated monthly heating and cooling electricity consumption (MWh) during 2015 for ICTA building 593 

with and without iRTG (scenario 2). 594 

 595 

 596 

Scenario 3: Night time free cooling: It is possible to provide night time cooling 597 

for the building during warm months (from June to September) due to the lower 598 

temperatures recorded in the rooftop that aid to cool down the building carcass 599 

overnight (Figure 7). This scenario is advantageous and works under a very simple 600 

principle: the automatic opening of rooftop windows that introduces the cold 601 

exterior air into the building, lowering down the temperatures of air and building 602 

mass. Colder air masses are naturally displaced through the rooftop and the atriums 603 

to the rest of the building, including inside office spaces equipped also with 604 

automatic windows. This produces a notable signature in the actual recorded 605 

temperatures as there are higher night time temperature drops in the ground and 606 

2nd floors during warm and temperate months compared to cold months (Figure 7). 607 

This night time cooling capability also takes advantage of an existing iRTG asset 608 
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when considering the greenhouse as built by default and without additional 609 

running costs. 610 

 611 

Night free cooling also produces thermal inversion to the rooftop level zone as 612 

exterior temperatures are higher from 7 to 9h in warm months (Figure 7). This 613 

occurs as the rooftop structure emits more thermal radiation than it receives from 614 

the exterior, which cools down the building and the excessive summer temperatures 615 

registered in the greenhouse (see section 3.2). This is a common phenomenon 616 

reported in unheated conventional greenhouses [77] which in the case of an 617 

integrated greenhouse has the added benefits of cooling down the building as well 618 

as iRTG.  619 

 620 

Ultimately, cooling effect obtained in the rooftop and transferred to the building 621 

can be seen with lower temperatures being recorded on 4th floor compared to the 622 

2nd floor from 1 to 7h. From August to September, 4th floor temperatures can be 623 

lower than those recorded even in the ground floor. This is a particular feature of 624 

the ICTA building which is enhanced by its atriums, façade envelope and building 625 

design. Similar advantages would be achieved in other forms of translucent rooftop 626 

envelops (e.g., colonnades, between buildings, covering the inner spaces between 627 

façades, forming galleries).  628 

 629 

3.5 Whole system energy performance and recommendations to improve energy 630 

benefits  631 
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Energy-scenarios assessment quantified the energy benefits and drawbacks of 632 

building-integrated agriculture in the ICTA building. The greenhouse recovered an 633 

equivalent annual electricity of 98 kWh/m2 when heated with the same building 634 

HVAC system, and the building net gains were 35 kWh/m2 (see Figure 10). However, 635 

additional electricity inputs are needed to operate the automated building system 636 

which integrates a server with programmable logic controllers attached to sensors 637 

and actuators (i.e., windows and curtains). This system manages the building passive 638 

energy strategies to enable the building and the greenhouse to interact 639 

energetically with the exterior. Similar to sensor data, the building SQL database 640 

also records the actuators’ operation, enabling the calculation of total energy 641 

inputs. During 2015, 5 kWh/m2 were necessary to manage the building passive 642 

climate (mostly due to the Siemens servers, see Table A.2 for further details), 643 

leading to a net energy balance of 128 kWh/m2. Considering the Spanish electricity 644 

mix for low voltage (Ecoinvent 3.5 [78]), an equivalent carbon and cost savings of 645 

45.6 kg CO2 eq/m2 and 15.1 €/m2 would be obtained (reflecting 2015 building 646 

electricity costs). Further energy modelling analysis could also integrate the night 647 

cooling effect in equivalent electricity loads. Moreover, additional passive strategies 648 

(such as the thermal curtains operating in the 4 iRTGs but not in the entire 4th floor) 649 

could also be applied and modelled to maximize the BIA benefits. 650 

 651 
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 652 

Figure 10. Overall system energy performance. 653 

 654 

 655 

In scenario 1, the temperature drops in the rooftop also produce heat energy losses 656 

during night time and cold months, cooling down the rest of the building. Even 657 

larger benefits during day time overcome these energy loses (see Figure 9). 658 

Increased energy benefits can also derive from improving the 4th floor insulation by 659 

means of roof and wall thermal curtains, which can overcome this effect increasing 660 

night temperatures up to 2.4ºC in unheated greenhouses [77]. During the coldest 661 

months, they also prevent thermal inversion which is frequent in Mediterranean 662 

areas and are a clear advantage compared to conventional greenhouses [77]. 663 

Between 20-50% of energy savings were also reported in heated greenhouses, 664 

which results in less than three years of payback [47]. Thermal-energy curtains are 665 

also a common environmental-energy feature in building rooftop greenhouses such 666 
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as Lufa Farms in Montreal, Canada [79,80] and thus represents a potential benefit 667 

that should be considered in the ICTA building in future studies. 668 

 669 

In scenario 2, roof thermal screens are a common passive solution in Mediterranean 670 

greenhouses in order to block excessive solar gain in peak hours and prevent 671 

overheating [81]. However, automatic screens tested in the ICTA building also 672 

notably decrease roof natural ventilation and around 60% of the incident radiation 673 

for greenhouse crops. Thus, there is an optimum point of curtain opening 674 

considering building needs, crop irradiation necessities (that saturates leaf net 675 

photosynthetic rate [82]) and thermal performance of the greenhouse-building 676 

system. However, in 4th floor common area, thermal curtains would improve peak 677 

temperatures over 30ºC registered during summer months. However, a trade-off 678 

should be also done considering that thermal curtains will also block office natural 679 

light. 680 

 681 

In scenario 3, larger benefits could also be achieved in the ICTA building by 682 

improving the operating system of the automatic windows in the rooftop, for 683 

instance by allowing 100% of window opening capacity before 22ºC is reached. 684 

Hence, enhancing better natural ventilation during summer nights to better cool 685 

down the building temperatures. The 5ºC of temperature differences during the 686 

majority of night time hours between the rooftop and the exterior temperature 687 

(Figure 7) proves this potential energy benefits could be further explored in the 688 

future. 689 

 690 

 691 
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 692 

 693 

   694 
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Conclusions 695 

Buildings and greenhouses are two of the main energy consumers worldwide. This 696 

work illustrated a way to improve energy efficiencies of both systems by integrating 697 

greenhouses in building’s unoccupied roofs. The ICTA building has been used as a 698 

demonstrator in which data from 4 years and a calibrated energy model were 699 

assessed to investigate three energy-related scenarios. Simulation results indicated 700 

that the iRTG passively recovered an equivalent annual heating energy of 98 701 

kWh/m2 from the building (especially during nighttime) if heated with the same 702 

HVAC system of the ICTA building. Simulation work also demonstrated that the 703 

iRTG has an added insulation value especially in winter, which results in an annual 704 

energy saving of 35 kWh/m2, equivalent to approximately 4% of the annual energy 705 

needs of ICTA. When taking into account the additional energy required to operate 706 

the building climate system in an integrated way to enable thermal exchange 707 

between iRTG and the building, the annual net energy gains for the whole system 708 

are 128 kWh/m2. This is equivalent to 45.6 kg CO2 eq/m2 of carbon savings when 709 

benchmarked using the Spanish energy mix. Thermal analysis showed the potential 710 

usage of greenhouses as a sink for low grade building waste heat via the 711 

integration of the building HVAC systems with the greenhouse. Office building 712 

spaces are on average 4.7ºC warmer (October-May) and 3.2ºC cooler (June-713 

September) than the iRTG. This presents a major potential for buoyancy (or 714 

mechanically) driven airborne thermal energy transfers across full annual cycle with 715 

no or minimal fan duties. Additionally, the iRTG acted as a solar collector and had 716 

daytime temperatures that were on average 5.1ºC warmer in winter when compared 717 

with other unheated building spaces. This excess solar energy can aid to heat the 718 
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host building zones using an integrated HVAC system. The integration of rooftop 719 

greenhouses into unused spaces of urban fabric can aid to decarbonize both 720 

buildings and urban agriculture and improve the energy performance of the 721 

combined systems.  722 

 723 

  724 
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Appendix 743 

Parameter Description 

Heating Ground source heat pumps 

Heating setpoint (setback) Seasonally adjusted (see section 2.2) 

GSHP CoP [a] 3.5 (heating) – 2.5 (cooling) 

Ventilation 
Displacement natural ventilation (atrium and double 

skin facade) – mechanical ventilation in occupied zones. 

Ventilation rate 
12 litre/second/person as well as natural ventilation via 

openable windows 

DHW consumption 1.2 litre/m2/day 

Cooling setpoint (setback) Seasonally adjusted (see section 2.2) 

Nominal lighting power density 3 W/m2  (manually controlled) to achieve 200 lux 

Occupant density 0.028   (p/m2) 

Internal gains 2.5 W/m2  (combined office equipment and catering) 

Gross (conditioned) area 7200m2 (5040 m2) 

Observed annual electricity 

consumption (2015) 

845,518 kWh 

Fabric properties:  

Glazing type Clear Polycarbonate 

Glazing U-Value [b] (W/m2K) 5.7 

External walls [c]    (W/m2K) 1.1 

Roof                        

(W/m2K) 

5.7 

Floor [d]                   (W/m2K) 0.382 

Infiltration              (ac/h) 2 

Clear Polycarbonate material [b]  

Thickness (mm) 0.8 

Conductivity (W/mK) 0.2 

Solar transmittance 0.835 

Visible light transmittance 0.883 
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Parameter Description 

Total Infrared transmittance 0.800 

Thermal-shading curtains [e]  

Emissivity  0.69 

Transmissivity 0.19 

Reflectivity 0.12 

Soil condition (scenario 1) [f]  

Active thickness (mm) 490 

Conductivity (W/m.K) 1.28 

Specific heat (J/Kg.K) 880 

Density (Kg/m2) 1460 

Thermal absorbance 0.9 

Solar absorbance 0.7 

 744 

Table A.1 Parameter inputs for energy model development of the case-study building 745 

 746 

 747 

System Item Number of 

motors [g] 

Power cons. 

(kW) [h] 

Operations 

/ day (avg) 
[i] 

kWh / 

annually 

Building 4th floor 

windows (inc 4 x iRTGs) 

Façade lateral windows 16 0.11 2 24.98 

Roof windows 32 0.11 5 124.91 

      

iRTGs thermal-shading 

curtains 

Façades 8 0.09 2 26.28 

Atrium 4 0.09 2 13.14 

 Roof 4 0.09 2 21.90 

      

Siemens automation 

devices 

Programmable logic 

controllers, inc. peripherical 

devices 

4 0.005 24h 175.20 

Desigo Insight Server 1 0.264 24h 2312.64 
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System Item Number of 

motors [g] 

Power cons. 

(kW) [h] 

Operations 

/ day (avg) 
[i] 

kWh / 

annually 

Air Handling Units 

(AHU) from 3rd floor 

laboratories 

Input airflow from iRTG 4 1.1 24h / 11,000 

m3/h 

30747.60 

Output airflow from 

laboratories 

4 3.51 24h / 8,000 

m3/h 

9636.00 

      

TOTAL annual energy     3100 

TOTAL annual energy  

/ m2 greenhouse 

    5.27 

      

Table A.2 Energy inputs to operate passive and active (forced ventilation) building strategies. 748 

 749 

 750 

Notes: 751 

[a] From actual field measurements of GSHP as outlined in table 3 of [63]. 752 

[b] According to the material manufacture [83]. 753 

[c] Double skin façade made of similar material to glazing, with 900mm air cavity 754 

separating the skins modeled with 5% aluminum bridging. 755 

[d] 75mm finished steel-reinforced concrete layer, 25mm expanded polystyrene, 756 

380mm structural concrete incorporating 20mm air tubes. 757 

 758 

[e] Manufacturers product technical literature as [12] 759 

 760 

[f] ASHRAE Handbook -- Fundamentals - Physical Properties of Materials 761 

 762 

[g] Accounted for all 4th floor, including the 4 iRTGs and the inner common space in 763 

between. 764 

 765 

[h] According to building manufacturers product technical literature. 766 

 767 
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[i] According to building SQL historical data from 2015 to 2018 (assumed to be valid 768 

for 2015 only). Average roundup values for all same type of motors has been 769 

considered for the worst case (i.e., for the highest recorded value of all registered 770 

windows/curtains from the same type). 771 

 772 

  773 
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 1053 



Highlights 

⇒ Integrated greenhouses are a bioclimatic strategy to improve urban metabolism. 

⇒ EnergyPlus proves bidirectional energy benefits for buildings and greenhouses. 

⇒ iRTG recycle notable amounts of low-grade waste heat from buildings. 

⇒ iRTGs acts as a solar collector and insulation cavity to reduce building energy. 

⇒ Greenhouses can be integrated into building HVAC for improved efficiencies. 
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