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ABSTRACT
The energy consumption of buildings within which
vegetation growth forms a significant function cannot
at present be adequately simulated using typical build-
ing energy simulation analysis packages as they do not
include the ability to simulate the potentially signif-
icant heat and mass transfer between plants and the
internal air. On the other hand, tools developed for the
simulation of climate-controlled greenhouses do not
allow multi-zone energy simulation of standard build-
ings. Within this paper, a model developed for simulat-
ing plant growth and crop development within a com-
mercial greenhouse and the corresponding heat, mass
and CO2 exchanges is described. A TRNSYS com-
ponent to facilitate simulation of a building-integrated
greenhouse in an urban environment is outlined and
a case study of a simple composite office/greenhouse
building is presented as a preliminary illustrative ex-
ample.

INTRODUCTION
Previous studies have indicated that the mass and heat
transfer associated with the interaction of plants with
their environment can have a significant impact on
the temperature and relative humidity of the internal
air of a building (Ward and Choudhary, 2014). Yet
while commercial building energy simulation models
are starting to incorporate models for green roofs (En-
ergyPlus, 2014), and studies have been made of the im-
pact of external plant growth on the building internal
environment (Yoshimi and Altan, 2011), the authors
are not aware of any similar studies which explore
the impact of vegetation inside the building on the in-
ternal environment. As interest in urban agriculture
grows, it is worthwhile to explore whether the influ-
ence of plants on an internal space may be more than
simply cosmetic, and whether the heat, mass and CO2

flux associated with plant growth will significantly im-
pact the occupant comfort and operational costs of
the building. Motivated by an interest in exploring
the symbiotic relationship between food production
and building indoor environment, this paper presents
the evolution of a model developed with the ultimate
aim of simulating commercial crop production within
building-integrated agriculture and the corresponding
impact on building energy consumption and the inter-
nal environment.
In the previous studies, a stand alone greenhouse

model was developed based on the Gembloux
Dynamic Greenhouse Climate Model (Pieters and
Deltour, 2000) for application to the ornamental
glasshouses at the Royal Botanic Gardens (RBG),
Kew. The purpose of the model was to simulate the
energy flux between plants and their environment, and
thereby estimate the impact on the heat demand and
consequential gas consumption. For an ornamental
glasshouse, the primary concern is to maintain envi-
ronmental conditions in which a wide variety of plants
will thrive, albeit within biomes housing plants from
similar climatic regions. The primary mechanism for
heat and mass flux between plants and air is transpira-
tion and hence the RBG Kew greenhouse energy sim-
ulation incorporated a simple transpiration model.
For a commercial grower, however, the concern is not
just to ensure plants will thrive, but to maximise the
crop and maintain optimum cropping conditions for
as long a period as possible. To this end, the green-
house environment is carefully controlled for temper-
ature, humidity, CO2 levels and photosynthetically ac-
tive radiation. The geometry of such a greenhouse may
also differ from an ornamental glasshouse, as commer-
cial interests dominate over aesthetics. To generate a
model which can replicate the performance of a com-
mercial greenhouse, it is therefore necessary to rep-
resent more detailed and diverse control options. Fur-
thermore, to investigate the potential impact on mixed-
use space within urban environments, it is also neces-
sary to incorporate plant growth and the consequential
evolution of plant-air interaction within a building en-
ergy simulation.
To this end, the RBG Kew greenhouse model has been
developed further to incorporate features of a commer-
cial greenhouse and initial results are presented for a
commercial tomato greenhouse located in Kent, UK
and a composite office/greenhouse building in Lon-
don, UK.

DESCRIPTION OF MODEL
The base model was developed in MATLAB for simu-
lation of ornamental glasshouses at the Royal Botanic
Gardens, Kew (Ward and Choudhary, 2014). It is a
pseudo-one dimensional system of heat and mass bal-
ance differential equations which calculate the tem-
perature variation through greenhouse layers eg soil,
vegetation, air and cover, with time subject to external
fluctuating weather conditions and deep soil tempera-
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tures. It is described as ’pseudo’ one dimensional as
all fluxes between layers are assumed to be 1D with
the exception of solar radiation for which the angle of
incidence varies with time. Full details of the model
are given in Ward and Choudhary (2014); it suffices
here to detail the model equations, namely the heat and
mass balance for each layer, Equations 1 and 2;
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where Agr is the surface area of the greenhouse (m2),
C is the water vapour concentration of the inside air
(kg/m3), hfg is the latent heat of condensation of wa-
ter (J/kg) and V is the greenhouse volume (m3). Tj is
the temperature (K), mj is the mass (kg), cj is the heat
capacity (J/kgK) of layer j and qi,j and qi are respec-
tively the heat flows from the different heat transfer
processes, i, between the different layers, j, and the
contributions to the latent heat flow to the inside air
from the different layers, j (W/m2).
Transpiration is the process by which water evaporates
from the leaf surface and occurs mainly from the stom-
ata, small pores on the leaf surface. For amphistom-
atal leaves (stomata on both leaf surfaces) the equation
used for the transpiration heat flux, qTR (W/m2) is;

qTR,[v→i] = 2.LAI.hfg

(
1

hfg

hP
+ rst

)
.(Cv − Ci)

(3)
in which LAI is the Leaf Area Index i.e. the ratio of
total leaf area to the cultivated floor area, hfg is the
latent heat of condensation of water (J/kg) and Cv and
Ci are the moisture contents of the air at the tempera-
ture of the vegetation and the internal air respectively
(kg/m3). hP is the phase change heat transfer coeffi-
cient, assumed here to be the same for both the upper
and lower surfaces of the leaves, and the stomatal re-
sistance, rst was simulated using the equation of Jolliet
and Bailey (1994), which is a function of the solar ra-
diation flux density and the vapour pressure deficit i.e.
the difference between the saturated vapour pressure
at the leaf surface and the vapour pressure in the air.
In order to use this particular model it is necessary
to identify the important parameters influencing crop
yield. Crop yield is dependent on plant photosynthesis
and respiration rates, and optimizing yield is a case of
maximizing the net photosynthetic conversion of pho-
tosynthetically active radiation into biomass, or carbo-
hydrate (Castilla, 2013). The rate of photosynthesis
is dependent on CO2 levels, and it is common prac-
tice for a commercial grower to provide supplemen-
tal CO2. The change of focus from ornamental plants
to food growth thereby necessitates extension of the
model to incorporate a number of additional important
features, namely;

1. Photosynthesis and respiration
2. CO2 exchange
3. Crop growth and fruit production
4. Configuration changes such as inclusion of a ther-

mal screen, artificial lighting and radiative heating

Each of these items is explored in a little more de-
tail below, and developments of the MATLAB model
are detailed. There is a substantial body of work in
the horticultural field which investigates simulation of
plant growth, and this has been used as a basis for
the model developed here, in particular the work of
Vanthoor (2011) and de Zwart (1996).

Photosynthesis and Respiration
The photosynthesis process is dependent on:

• Light ’quality’, intensity and duration - specifi-
cally the incidence of Photosynthetically Active
Radiation (PAR).

• Temperature - photosynthesis is at a minimum at
about 5 oC, and maximum at 25-35 oC, decreas-
ing thereafter. Optimum temperature increases
with radiation and CO2 levels i.e. heating is re-
dundant if PAR levels are low.

• CO2 - If radiation and temperature are not limit-
ing, the rate of photosynthesis is almost propor-
tional to CO2 concentration at low CO2 levels

Photosynthesis is not directly dependent on humidity
(or vapour pressure deficit), provided there is sufficient
water supply to the roots, and also does not appear to
be significantly dependent on the crop (Castilla, 2013).
The photosynthesis model used here is based directly
on Vanthoor (2011), with the exception that the radia-
tion is separated into direct/diffuse components so that
the different absorption coefficients can be incorpo-
rated, as recommended by de Zwart (1996).
Photosynthesis is characterised by the movement of
electrons excited by the incoming PAR. The net pho-
tosynthesis rate, i.e. the rate at which the CO2 con-
centration of the air changes under optimal conditions
for growth, is proportional to the gross photosynthe-
sis rate, P minus photo-respiration, R, which occurs
within a plant when CO2 levels are low. At the canopy
level, the gross photosynthesis rate, P [µmol(CO2)
m−2 s−1] can be described by;

P =
(J.(CO2stom − Γ))

(4.(CO2stom + 2Γ))
(4)

where J is the canopy electron transport rate, which
is a function of the maximum electron transport rate
for a leaf, the LAI and the PAR levels in the green-
house. CO2stom is the CO2 concentration in the stom-
ata and Γ is the CO2 compensation point, i.e. the point
at which P−R=0. The phototrespiration term, R, is
given by:

R = P.
Γ

CO2stom
(5)

Photosynthesis is directly dependent on the PAR lev-
els which here have been assumed to equate to the
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visible light levels. The incoming solar radiation has
been partitioned into near infra-red and visible radia-
tion components; following de Zwart (1996), the par-
titioning has been assumed to be equal. As the mecha-
nisms for absorption of diffuse and direct radiation by
vegetation differ, absorption coefficients are calculated
as a function of Leaf Area Index for diffuse radiation
and LAI and angle of incidence, θ for direct radiation,
as follows:

adirect = 0.94 − 0.95.exp(−kdirect.LAI)

adiffuse = 0.95 − 0.9.exp(−kdiffuse.LAI)
(6)

where the extinction coefficients, kdirect and kdiffuse
are given by the equations:

kdirect = 0.88 + 2.6.exp(−0.18.θ)

kdiffuse = 0.85
(7)

CO2 Exchange
The CO2 flux incorporates the CO2 uptake by the
plants together with CO2 exchange across different
greenhouse zones and between the greenhouse and the
external air. It is modelled in a similar manner to the
heat and mass flux, with the addition of exchange be-
tween the plants and the air due to photosynthesis.
CO2 levels also influence transpiration rates, and
hence the heat demand, although as a secondary ef-
fect this was not considered sufficiently significant to
be included in the RBG Kew model. For commercial
crops, however, elevated CO2 levels are typically used
to optimize yield, and hence it is necessary to develop
the transpiration model further to incorporate this ef-
fect. The transpiration rate is a function of the stom-
atal resistance of the canopy. Previously the model of
Jolliet and Bailey (1994) was used, in which stomatal
resistance was defined as a function of incident radi-
ation and vapour pressure deficit. Here, the model of
Stanghellini (1996) has been used for stomatal resis-
tance, rst in (s/m), as a function of mean flux density
per unit leaf area, Is, leaf temperature, To (oC), the
CO2 concentration of the air, Ca, and vapour pressure
deficit, vpd, namely;

rst = 82.f1(Is).f2(To).f3(Ca).f4(vpd) (8)

where:

f1(Is) =
Is + 4.30

Is + 0.54

f2(To) = 1 + 0.023(To − 24.5)2

f3(Ca) = 1 Is = 0Wm−2

= 1 + 6.1.10−7(Ca − 200)2 Ca < 1100vpm

= 1.5 Ca ≥ 1100vpm

f4(vpd) = 1 + 4.3.vpd2 vpd < 0.8kPa

= 1.5 vpd ≥ 0.8kPa

Crop Growth and Fruit Production
Photosynthesis produces carbohydrate which is stored
in a buffer from which it is taken and used by the plant

for maintenance and growth respiration. The daily po-
tential fruit growth rate can only be achieved if there
are sufficient carbohydrates available in the buffer (i.e.
photosynthesis rates are good), the temperature is op-
timal (crop-specific) and the plant is fully generative
(i.e. it has started to produce fruit; again, this is crop-
specific). If the buffer becomes too full then the rate of
photosynthesis drops; the buffer will only become too
full if plant growth is inhibited due to sub- or supra-
optimal temperatures (instantaneous or 24hr mean) or
the plant is too old (senescence has set in).
The Leaf Area Index, an important parameter for pho-
tosynthesis, is a function of carbohydrate transfer to
the leaves of the plant, and hence is also a function of
time. However, once a maximum LAI is reached (typ-
ically 3), the grower maintains this by the simple expe-
dient of removing leaves; for the bulk of the harvesting
period, LAI is effectively constant. If optimal condi-
tions for growth are assumed, i.e. the buffer is never
too empty or too full for carbohydrate flux to proceed
at maximum rate, and an optimum LAI is maintained
by the grower, photosynthesis can be simulated with-
out simulating the carbohydrate flux in more detail.
However, this will not hold throughout an entire yearly
cycle and hence, if annual energy consumption is re-
quired, it is necessary to incorporate a model of crop
growth.
The crop growth model used here is an implementa-
tion of the model described in Vanthoor (2011). The
complexity of the model equations precludes full repli-
cation in this paper; the salient point is that the LAI in-
creases as a function of the carbohydrate levels (mea-
sured in mg of carbohydrate, CH2O) in the buffer up
to a maximum at which point it is maintained at a con-
stant value. The time dependence of the buffer carbo-
hydrate level, dCBuf

dt is dependent on the rate of car-
bohydrate supply to the buffer due to photosynthesis,
MCAirBuf by the equation:

dCBuf

dt
= MCAirBuf −MCBufFr −MCBufLe

−MCBufSt −MCBufAir

(9)

where MCBufFr, MCBufLe and MCBufSt are the
carbohydrate flows from the buffer to the fruit, leaf and
stem respectively and MCBufAir is the growth respi-
ration rate. The carbohydrate stored in the leaf evolves
according to:

dCLeaf

dt
= MCBufLe −MCLeafAir −MCLeafHar

(10)
whereMCLeafAir is the maintenance respiration rate
and MCLeafHar is leaf pruning. The LAI is then cal-
culated from the equation:

LAI = SLA.CLeaf (11)

where SLA is the specific leaf area (m2 mg−1[CH2O]).
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Configuration Changes
Compared to an ornamental glasshouse, a commercial
greenhouse has additional features which impact the
heat flow. The changes to the configuration incorpo-
rated into the model presented here include:

1. Radiative heating system: there are typically two
hot water pipe heating systems used in commercial
greenhouses in the UK, an upper system at plant
level and a lower system at ground level; each sys-
tem may be split into control zones according to
the configuration of zones within the greenhouse.
Heat is transferred to the greenhouse from the hot
pipes by convection and radiation. In the RBG
Kew model, convective heating only was simu-
lated and hence the addition of radiative heating
was a necessary development, requiring extension
of the radiative heat transfer equations to include
the heating pipes.

2. Thermal screen: inclusion of a thermal screen is an
important modification to the model and requires
an additional zone to be put in above the grow-
ing zone with heat, mass and CO2 transfer across
the zone boundary dependent on whether the ther-
mal screen is open or shut. Thermal screens were
included in the RBG Kew model as a retrofit op-
tion but were simply assumed to prevent heat loss
through the cover at night. For commercial green-
houses the screens are an integral part of the ther-
mal management system and there is a definable
volume above the thermal screen that is at a dif-
ferent temperature when the screen is closed. In-
clusion of the extra compartment and screen has
a significant impact on the rest of the model; it is
thus necessary to incorporate all additional heat,
mass and CO2 exchange terms.

3. Supplementary artificial lighting, controlled ac-
cording to PAR levels: the lights contribute to ra-
diation levels, both visible and IR, and also pro-
vide heat via convection or long-wave radiation.
Typically sodium lights are currently used to pro-
vide lighting, although increasingly LED lighting
is being used.

VALIDATION OF GREENHOUSE MODEL
It is essential to validate the developed greenhouse
model and for this a simulation of a commercial green-
house located in Kent, UK, was developed, based on
data and drawings supplied by a UK grower (APS Sal-
ads Ltd). This is a fully operational commercial site.
The greenhouse features correspond well to the fea-
tures of the greenhouse model described above, i.e.
there is a thermal screen, dual pipe radiative heating
system and supplemental CO2. However, there is no
artificial lighting used here at present. The greenhouse
geometry is fairly typical for the UK, comprising a
rectangular floor area of 55.8 x 103 m2 oriented with
the long axis parallel to the North-West - South-East
direction. The floor area is nominally divided into 6

zones which can be controlled individually, but there
is no physical barrier between zones. The mean height
of the greenhouse is 5 m to the thermal screen, and
the mean height from the thermal screen to the roof is
0.55 m. The greenhouse is ventilated via roof vents
which can be operated automatically or manually to
regulate temperature and relative humidity within the
greenhouse. A CHP plant is located on site and pro-
vides heat and supplemental CO2, effectively as a ’by-
product’ of the electricity generation which is sold to
the local electricity network.
The control strategy for the greenhouse, while broadly
specified as a function of temperature, humidity and
light levels, is in reality subject to regular manual vari-
ation, particularly as regards thermal screen opera-
tion and ventilation, subject to the growing manager’s
’feel’ for the crop and the prevailing environmental
conditions. From a modelling viewpoint, this makes it
difficult to ensure that the control conditions embodied
in the model truly represent the full complexity of the
reality, and also frequent changes in control parame-
ters impact significantly on run time and model stabil-
ity. Temperature values for the heating pipes and set-
point temperatures for the ventilation have been sup-
plied by APS Salads and these have been used directly
in the model. The extent to which the thermal screen is
opened is variable, but for this analysis has been set to
a constant mean 40% to improve model stability. The
rate at which supplementary CO2 has been supplied
has not been directly measured, but CO2 levels within
the greenhouse have been monitored and these values
have been used to infer a nominal value for the rate of
CO2 supply.
Weather data was taken from a nearby weather station
for 2013 from the MIDAS database (MIDAS, 2012).
Temperature and CO2 monitoring data were provided
by APS Salads Ltd., but no direct energy consumption
data are available as heat and power are supplied di-
rectly from the on-site CHP plant.
The results of the simulation are illustrated in Fig-
ures 1 to 4, which show predicted mean temperatures
and CO2 levels in the main greenhouse compartment
(i.e. below the thermal screen) compared against mea-
surements for two periods; February, when vegetation
density is low and no additional CO2 is supplied, and
May, when vegetation density is high and supplemen-
tary CO2 is supplied. The results are displayed for a
period of 5 days, starting at midnight, and the pattern
of the daily temperature variation can be clearly iden-
tified, directly reflecting the temperature variation of
the heating pipes. The simulated temperatures show a
good agreement with the monitored data at both time
periods.
The CO2 concentration is highly variable as illustrated
in Figures 3 and 4. In the early part of the year, when
vegetation levels are low and no supplemental CO2 is
provided, the variation in CO2 levels is caused by air-
flow across the thermal screen driven by buoyancy ef-

Proceedings of BS2015: 
14th Conference of International Building Performance Simulation Association, Hyderabad, India, Dec. 7-9, 2015.

- 2259 -



fects. The model appears to capture the mechanism
well, although the simulated absolute value of back-
ground CO2 concentration appears to be low.

Figure 1: Simulated mean temperature, February

Figure 2: Simulated mean temperature, May

Figure 3: Simulated CO2 concentration, February

Figure 4: Simulated CO2 concentration, May

In the summer months, the daily CO2 variation arises
from a complex interplay between CO2 being added

and the plant uptake of CO2 during photosynthesis.
The initial daily rise is rapidly counteracted by the on-
set of photosynthesis as solar radiation increases; the
supplemental CO2 is being almost entirely assimili-
ated at midday, and as evening approaches, photosyn-
thesis rates drop and CO2 levels rise until the supply
is terminated. The simulation results match the vari-
ation of the monitored data reasonably well although
at the beginning of each daytime period the simula-
tion shows a drop in CO2 levels prior to the daytime
rise, suggesting that in the simulation there is more of a
time discrepancy between the onset of photosynthesis
and the start of CO2 supplementation than in reality.
While it is not appropriate to suggest that this study
fully validates the model for use as a predictive tool for
greenhouse climate management, the results do give
confidence that the impact of the plants on the internal
environment is being simulated in a realistic manner.

IMPLEMENTATION WITHIN TRNSYS
As stated in the introduction, the purpose of develop-
ing the greenhouse model is to explore the impact of
plants on the internal environment of buildings, with
a particular emphasis on building-integrated agricul-
tural space. To this end, integration of a simple green-
house model within the building energy simulation
tool TRNSYS (SEL, 1994) has been implemented.
TRNSYS is a flexible modelling tool, especially ap-
plicable to the simulation of transient building energy
processes. It is component-based which facilitates
the development of stand-alone tools for integration
within the transient system. The original intention was
to link the MATLAB greenhouse model directly to a
TRNSYS building model, which would use the MAT-
LAB engine as a separate process to run the MAT-
LAB model and feed the results back into the TRN-
SYS building model. While this would work, it may
limit the distribution potential as it necessitates the
user having MATLAB installed. Also, and more im-
portantly, at present only one coupled MATLAB type
can exist per TRNSYS simulation, which would pre-
vent the simulation of buildings with multiple grow-
ing zones. As an alternative approach, a stand-alone
TRNSYS component was developed; this component,
or ’Type’ to use the TRNSYS terminology, may then
be used multiple times within a TRNSYS simulation
to represent multiple growing zones, and requires no
additional software for implementation.
Since many of the processes that affect the greenhouse
and the plants, such as air infiltration, or transmis-
sion of solar radiation through the windows, can be
modelled directly by TRNSYS, it is most efficient to
develop a component which simulates just the heat
and mass transfer processes not already embedded
within TRNSYS. Creation of a stand-alone module, or
’Type’, is supported by TRNSYS and instructions are
given within the supporting manuals (SEL, 1994).
As an initial step, a simple model of the plant-air in-
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teraction has been developed into a TRNSYS stand-
alone module called Type 203. Type 203 simulates
the mass and heat transfer between the plants and the
internal air of the space, with all other interactions
modelled directly by TRNSYS, including heating and
heat transfer between the greenhouse zone and other
building zones, as indicated in Figure 5. Within each
timestep, the internal temperature, relative humidity
and solar radiation levels are passed to Type 203 from
the main TRNSYS calculation engine and Type 203
simulates the plant-air interaction, passing back the
thermal gains and change in relative humidity to be
applied to the planted zone. As this is a first-stage de-
velopment model, soil-air interactions have not been
included. To ensure convergence a small timestep is
required, which has a substantial impact on run-times.

Figure 5: Implementation of TRNSYS Type 203

MODEL APPLICATION
In order to test TRNSYS Type 203, a simulation has
been performed of ’The Rooftop Greenhouse’, a com-
posite greenhouse/office building, located in London,
UK. The greenhouse was built on top of the Seawater
Greenhouse Ltd. offices with the intention of using
the heating effect of the top floor greenhouse space
to reduce the heating demand of the offices below.
The thermal behaviour of the building has been stud-
ied previously using an approach detailed in the Eu-
ropean Passive Solar Handbook to identify the poten-
tial thermal benefits of installation of the greenhouse
(Scott, 2011) and also CFD to investigate heat flow
(Buckman, 2012). However, neither study considered
the role of the plants on the internal thermal environ-
ment. While detailed environmental monitoring and
energy consumption data are not available, tempera-
ture monitoring has been performed which facilitates
some comparison against the simulation output.
The end-terrace building comprises 3 floors, each of
27 m2 area, the lower two of which are heated with
the greenhouse forming an unheated top floor. While
the primarily residential terrace is brick-built, the of-
fices are of steel-frame, highly insulated construction.
Due to planning restrictions, the greenhouse is not
fully glazed, but has a substantial inflated polythene
rooflight and double glazed windows to the East and
West, with single-glazed windows on the South fa-
cade. The glazed area forms 51 % of the South green-

house facade, 25 % of the East and West Facades and
52 % of the roof area. The North Facade adjoins the
neighbouring terrace, and the boundary wall is of solid
brick construction. A photograph of the greenhouse
prior to planting is given in Figure 6. As can be seen, it
is not a conventional greenhouse as such, but a highly
glazed room providing space for growing plants. At
the time the photograph was taken, plant growth was
in its initial stages, and planting density was low.

Figure 6: Rooftop Greenhouse

A simple zonal model of the building has been cre-
ated in TRNSYS, utilising Meteonorm typical weather
data for London, and Type 203 for simulation of the
plant-air interaction in the greenhouse zone as de-
scribed above. The model represents the ground floor
workshop and first floor and offices, together with the
highly glazed second floor greenhouse. No heating
system was implemented in the model, and initially
there were assumed to be no plants; thermal gains arise
from weekday occupant presence and equipment use
in the first floor office only. Ventilation and infiltra-
tion have been modelled; a constant infiltration value
of 0.6 ACH has been assigned to all zones and venti-
lation functions progressively between set-point tem-
peratures of 20 and 30 oC.
The temperatures in the greenhouse were monitored
for the period from April to December 2012 and the
mean monthly measured temperatures are compared
against the temperatures simulated using the scenario
detailed above in Figure 7. As can be seen the agree-
ment is reasonable; the simulated temperatures are
lower than monitored in the winter months as no heat-
ing provision has been made within the model.
Subsequent analyses explored the effects of the plant-
air interaction; for this it was assumed that the culti-
vated fraction of the greenhouse floor was 90 %, with
a mass surface density of 10 kg/m2, the maximum
value used in the RBG Kew study (Ward and Choud-
hary, 2014). These values are high for the greenhouse
in question but were selected in order to maximise
the plant-air interaction effects. Figure 8 shows the
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monthly daytime heat losses calculated for the plant-
air interaction.

Figure 7: Comparison of measured and simulated
mean monthly temperatures

Figure 8: Monthly daytime heat loss attributable to
plant-air interaction

Daytime heat loss is at a maximum in the summer
months, reflecting the higher transpiration rates and
longer sunlit hours per day.

Figure 9: Peak internal temperatures

The plant-air interaction impacts on the heat balance
of the space and if heat losses attributable to venti-
lation, infiltration and transmission are low, then the
plant-air interaction will typically act to reduce the
temperature of the space during the day and increase
the temperature at night as the plant transpiration stops
and the ambient temperature drops below the temper-
ature of the vegetation. Conversely, if it is a ’leaky’
building and heat losses are high, then the tempera-
ture won’t be significantly affected, but the heat losses

attributable to the other heat loss processes will be re-
duced. The simulated peak daily internal temperature
of the greenhouse zone with and without plants is il-
lustrated in Figure 9, and clearly the impact of the
plant-air interaction on the zone temperature is small
in this instance; an inspection of the energy balance for
the model indicates that the ventilation, infiltration and
transmission losses reduce in proportion to the calcu-
lated plant-air interaction heat transfer as illustrated in
Table 1.

Table 1: Change in heat loss due to plant-air interac-
tion

Process Change in heat loss (MJ)
Plant-air interaction + 101
Infiltration - 18
Ventilation - 64
Transmission - 20

The relative humidity of the greenhouse space is an
important parameter for the health of the plants and
the integrity of the building structure as too high a rel-
ative humidity can lead to growth of mould and degra-
dation of the building fabric. In the commercial green-
house, relative humidity is monitored and controlled
via operation of the ventilation system in conjunction
with the temperature maintenance regime. Within the
TRNSYS model, the impact of plant transpiration on
relative humidity is incorporated via the link between
Type 203 and the main TRNSYS calculation engine.
As for the temperature, the impact of the plants on the
relative humidity is small in this instance owing to the
simulated ventilation and infiltration levels.

CONCLUSIONS
The potential benefits of plant-air interactions within
a building in a temperate climate are that the cool-
ing, humidification and CO2 exchange effects could
be utilised to improve internal air quality; in addition,
while UK greenhouses require heat to maintain crop
yields, thus losing out commercially to Southern Eu-
ropean growers, there is potential to utilise excessive
building heat to improve crop growth in urban environ-
ments and to reduce both heating and transport costs.
Being able to quantify the interaction could facilitate
more comfortable and/or more profitable design, par-
ticularly for highly glazed spaces such as atria or urban
building-integrated agricultural space.
Initial steps have been made to develop a model for
simulation of building integrated agriculture. A green-
house energy simulation model has been developed
to account for operational factors of significance to
a commercial grower and within the limited scope of
this study has been shown to represent the significant
heat transfer processes adequately. There are a num-
ber of improvements which could be made to increase
confidence in the validity of the model, namely;

• data concerning supplemental CO2 levels would
reduce reliance on model calibration;
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• more detailed monitoring data, particularly en-
compassing spatial variations, would illuminate
the issues around using an effectively 1D model;

• harvest data would facilitate validation of the
crop growth model;

• the MATLAB model is numerically sensitive
and a short time step is required to ensure con-
vergence in the simulation. This has been par-
tially addressed by simplifying control param-
eters relating to thermal screen operation, but
further simplification of heating and ventilation
system control would improve the stability.

The ability of the model to simulate temperatures and
CO2 concentration changes for a commercial green-
house has given confidence in the validity of using
the model as a basis for exploring the interaction be-
tween plants and the urban built environment. A TRN-
SYS module, Type 203, has been developed for this
purpose, and an initial application to a rooftop green-
house has illustrated a quantifiable effect for the sim-
ulated building and planting configuration, albeit with
little impact on zone temperatures or relative humidi-
ties due to the impact of infiltration, ventilation and
transmission. The illustrative configuration used here
consisted of a small building and a high planting den-
sity, with typical building fabric and infiltration prop-
erties. It would be useful to investigate the building
configuration in more detail and to ascertain whether
under different configurations there is a critical plant-
ing density above which it is important to consider
plant-air interactions in a building energy simulation.
It would also be useful to investigate further alterna-
tive solution strategies for the computational model;
at present a short timestep is required to ensure con-
vergence within each timestep and this has a negative
impact on run time and model useability.
In order to improve confidence in the predictions and
to quantify potential impacts more fully, it would be
essential to identify a more representative case study
and to perform a detailed trial, monitoring tempera-
ture, humidity and CO2 levels in a building-integrated
greenhouse space with and without plants present.
This would encompass measurement of critical param-
eters including plant growth parameters which for this
analysis were inferred from previous work and which
may require modification for the building-integrated
agriculture scenario. To this end, a programme of
monitoring is in place at ’Growing Underground’, an
urban underground greenhouse in London, UK, and it
is intended that the monitored data will be used to val-
idate the greenhouse energy model under these sub-
stantially different operational conditions.
The TRNSYS Type 203 model is very much a
’stripped-down’ version of the commercial greenhouse
model, yet by incorporating plant growth it has the
potential to facilitate simulation of crop production,
largely a post-processing exercise. In addition to ex-
tending the analysis to a more representative case

study and investigating achievable crop growth, fur-
ther work is necessary to quantify the annual eco-
nomics of urban crop growth, particularly the off-
set between winter heating requirements and summer
cooling benefits.
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