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Abstract 
Given the current projections of climate change there is a need to consider not only how the 
internal environment is altered, but also the external climate in areas such as courtyards. Such 
areas often exhibit their own microclimate and hence can have an effect on the buildings 
around them. This report focuses upon the impact of external courtyard planting and the 
addition of green roofs to the St Loyes care home. It is found that the cooling produced by 
planting within the courtyard area of the development has limited benefit in reducing 
surrounding air temperatures. The implementation of green roofs on the communal areas can 
have a more significant impact on internal maximum and mean air temperatures. It is shown 
that the geometry of the courtyard area is unsuitable for the creation of a separate 
microclimate, cooled by plants. 
 
Introduction 
There is unequivocal evidence that the climate is changing and current projections point to an 
increasingly warmer world. As such, building overheating and the associated health 
implications is becoming an increasing concern especially for vulnerable groups. One way to 
adapt buildings to climate change is to draw influence from the architecture of countries that 
already have a hot climate. This report focuses upon the use of courtyard areas and external 
planting to create a microclimate that will remain cool even under the more aggressive 
estimates of climate change.  
 
Courtyard areas are a dominant architectural feature in the Middle East and excavations have 
shown courtyards were being used as far back as 2000BC. In such locations, the courtyard is 
a focal point and acts as an extension to the covered terraces and the rooms beyond. Covered 
terraces are typically on two or three sides of the courtyard, with subsequent covered galleries 
on subsequent floors, to help reduce heat gain during the day and provide shaded areas. As 
the height of the courtyard is generally greater than any of its other dimensions there is 
always adequate shading. This creates a sheltered area with its own microclimate, which 
remains cool throughout the day and can be used to provide cooled air for the rooms within 
the building. The courtyard is sometimes augmented with pools of water or plants to increase 
the cooling power–powered through the evaporation of water.  
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Figure 1 Artist’s impression of the development showing planting and green roofs. Original image: Gale & Snowden 

Architects. 

Figure 1 shows a representation of the building, the design is a Southerly facing curved 
façade for the living quarters with a single storey communal café area and offices in front. 
This design leads to two courtyard areas divided by covered walkways between the café area 
and the residential block. 
 
The Cooling Power of Plants 
Evapotranspiration is the loss of water to the atmosphere by two processes – evaporation and 
transpiration. Evaporation is the loss from open bodies of water, such as lakes and reservoirs, 
wetlands and bare soil; transpiration is the loss from living-plant surfaces. Figure 2 shows a 
representation of how plants use water and interact with the hydrological cycle. 
 

 
Figure 2 Illustration of how plants use water. Adapted from Nisbet (2005). 

 
Several factors other than the physical characteristics of the water, soil and plant surface also 
affect the evapotranspiration process. The more important factors include net solar radiation, 
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surface area of open bodies of water, wind speed, density and type of vegetative cover, 
availability of soil moisture, root depth, reflective land-surface characteristics, and season 
[Hanson (1991)]. Assuming that sufficient soil moisture is available, evapotranspiration is 
dependent primarily on the solar energy available to vaporise the water. Because of the 
importance of solar energy, evapotranspiration also varies with latitude, season of year, time 
of day, and cloud cover. Another important climatic factor that contributes to 
evapotranspiration is wind speed. Winds affect evapotranspiration by bringing heat energy 
into an area and removing the vaporised moisture. A 5 mph wind will increase still-air 
evapotranspiration by 20%; a 15 mph wind will increase still-air evapotranspiration by 50%.  
 
The seasonal trend of evapotranspiration within a given climatic region follows the seasonal 
trend of solar radiation and air temperature [Hanson (1991)]. Minimum evapotranspiration 
rates generally occur during the coldest months of the year; maximum rates, which generally 
coincide with the summer season, when water may be in short supply, also depend on the 
availability of soil moisture and plant maturity.  
 
It is clear that the calculation of the actual transpiration form plants and the surrounding soil 
is extremely complex and dependent upon many variables. A much simpler methodology is 
required in order to incorporate this effect into a thermal model of a building. From Nisbet 
(2005), we can see that the evaporation depends on plant type (table 1). The values stated are 
per 1000mm of annual rainfall and ignores seasonal variation; this presents a problem when 
considering climate change. Indications are that while the annual amount of rainfall is not 
predicted to vary much from current averages, summers will become drier and winters wetter. 
In the absence of irrigation or plant watering this will reduce the amount of water available 
for transpiration in the summer. However, if we assume that the soil always has sufficient 
moisture either due to precipitation or watering then it represents a starting point. 
 

Table 1 Typical range of annual evaporation losses (mm) for different land covers receiving 1000mm annual rainfall, 
adapted from Nisbet (2005). 

Type of Plant Transpiration Interception Total Evaporation 
Conifers 300-500 250-450 550-800 
Broadleaves 300-390 100-250 400-640 
Grass 400-600 - 400-600 
Heather 200-420 160-190 360-610 
Bracken 400-600 200 600-800 
Arable 370-430 - 370-430 
 
So as not to be too prescriptive we are only considering the transpiration of the plants and not 
the evaporation of intercepted rainfall. Given representations of likely planting within the 
courtyard area estimations of potential cooling power can be made. Such estimations require 
knowledge of the species of plant and the expected coverage. From drawings provided the 
following was estimated: 
 
Left courtyard:   4 large trees (10.88m2 each) 
   2 small trees (7.16m2 each) 
   ~50m2 of shrubs (0.5-1m high) 
   ~200m2 permeable paving  
   ~30m2 non-permeable paving 
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Right courtyard: 3 large trees (10.88m2 each) 
   2 small trees (7.16m2 each) 
   ~45m2 shrubs (0.5-1m high) 
   ~115m2 permeable paving 
   ~25m2 non-permeable paving 
 
Green Roofs:   Above café area ~250m2 
   Above offices ~377m2 
 
There are likely to be a variety of plants within the courtyard area, but they can be broadly 
classified into trees, shrubs and grass. The trees were taken to be ‘broadleaves’ in table 1 with 
an average transpiration of 345mm (per 1000mm of rainfall), the shrubs were considered to 
be an average of heather, bracken and arable with an average transpiration of 400mm. Grass 
for the green roofs was considered to have a transpiration of 500mm.  
 
Therefore we can calculate the cooling power of the different plants thus: 
 

! = !!"#$%
!"""

!!""#!$×!"#$×!!"#$%×!!"#$% 365×3600×ℎ!"!"#$%&'"#!'($ . 
 
Where, Tplant is the average plant transpiration per 1000mm or rainfall, Rannual is the annual 
rainfall (mm), Dwater is the density of water (1 kg/litre), Lwater is the latent heat of vaporisation 
of water (2441 kJ/kg at 25°C), hrstranspiration is the number of hours in the day the plant is 
transpiring. This calculation gives a cooling power in kilowatts as an average over the entire 
year.  
 
From Alarcon (2000) and Heilman (1989) we can see that plants do not transpire at night due 
to the lack of solar radiation, to account for this, a value for hrstranspiration of 8 was chosen 
based upon the observations presented in the two papers. The resulting relationship gives a 
cooling power resulting from average annual transpiration, based upon precipitation data 
from a weather file, ignoring seasonal and weather variations, but including a diurnal cycle 
and variation due to plant species. This allows the cooling power of the vegetation and green 
roofs to be incorporated directly into a thermal model. The permeable paving represents a 
challenge, as the equations for the evaporation of water from a surface require knowledge of 
both temperature and air speed at the surface. Neither of these variables are known prior to 
modelling and are likely to be altered by the cooling power of the evaporation. Therefore as a 
first estimate it was chosen to represent the permeable paving as grass similar to the green 
roofs. Also since any permeable surface is unlikely to have any stored water during the 
warmest months, extra simulations were performed with the cooling power of the permeable 
paving turned off. A table of the cooling powers used for different elements can be found in 
the appendix. 
 
The Model 
Starting with the thermal model supplied by Gale & Snowden Architects 
(http://www.ecodesign.co.uk/), extra ‘rooms’ were created to act as the cooling elements 
within the courtyard area, roof lights and ribbon glazing were also added to the communal 
areas along with covered walkways in the courtyard. The trees were represented by 
cylindrical structures 3m tall (see figure 3). This method also allows for the shading of the 
windows and façade to be accounted for. The aim of this model is to investigate the use of 
plants to actively cool the surrounding air, it is already well know that shading by trees will 
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reduce temperatures within a building. While the trees planted in the courtyard are likely to 
be taller than 3m, most of their mass will be located below 3m and this allowed for simpler 
simulation of the ground floor courtyard area. Shrubs and permeable paving were accounted 
for by creating a low-lying structure (0.5m) covering the courtyard floor (see figure 3). As the 
shrubs are not tall enough to shade the windows or to significantly shade the façade this was 
deemed adequate. Due to the need to model airflow and air temperatures within the courtyard 
a series of ‘rooms’ had to be created to fill the courtyard space so that the modelling software 
could handle the airflow and heat transfers in a dynamic way. These can be seem the right-
hand image of figure 3. These rooms consisted of walls of negligible insulation and thermal 
capacity. The surfaces were designated as 100% glazed windows, which are 100% open all 
the time. The windows had 0% frame and had solar absorbance 0% and thermal emissivity 
100%. This method should allow the creation of rooms in which the external microclimate 
can be explored without impinging too much upon wind speed or solar radiation. Due to 
computational load five rooms were created, two single storey rooms one for each of the two 
courtyards and three 4-storey rooms above. To check this method works within the model 
and doesn’t behave like a large greenhouse, air temperatures were compared for each of the 
courtyard ‘rooms’ and externally. It was found that the courtyard temperatures closely follow 
the external dry bulb temperature, indicating the model was working as expected.  
 

 
Figure 3 Illustration of how the different cooling elements were included into the model. Left: the lower level of the 

courtyard showing the cylindrical tree elements (green) and the surrounding element for the shrubs and paving (blue). 
Right: the final model showing enclosed courtyard air space and green roofs (green).  

 
The green roofs were modelled in two ways, using an additional element adjoining the 
circular roof of the communal café area and the office spaces (see figure 3). In the first 
method (hereafter referred to as method 1) the additional green roof element had a floor 
conforming to the standard roof used for the model and a roof consisting of soil. The cooling 
powers attributed to the two green roofs (see appendix) were then included. The second 
method (hereafter referred to as method 2) moved the majority of the soil layer to the floor of 
the element and an opening was created in the roof similar to that used for the courtyard areas 
to allow the cool air to be blown away by the wind.  
 
In reality the grass at the surface of the green roof will cool the air around it. This air will 
likely be moved away from the building by the wind. However, the surface of the roof is 
rough and some air is likely to become ‘stuck’ to the surface in a boundary layer. Therefore it 
becomes difficult to estimate exactly how much of an effect a green roof will have on the 
room below it.  
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Within thermal modelling packages such as IES, cooling is applied to the air within a room 
rather than at a surface, therefore accurate modelling of green roofs is non-trivial. The two 
methods investigated here were chosen to try and explore different ways to model a green 
roof in a thermal modelling package such as IES. In method 1 the cooling power of the green 
roof cools air within a building element in direct thermal contact with the rest of the building. 
In this method the coolth in the air cannot escape except via conduction through into the 
rooms below or conduction through the soil to the external air above.  As such this method 
will represent the maximum possible cooling power of a green roof. Method 2 allows the cool 
air to be removed as a result of external wind and air turbulence. This method is perhaps 
more realistic and represents a far more conservative estimate of how much cooling can be 
achieved by a green roof. Difficulties arise in estimating the exposure of the roof, as this is 
likely to affect the effectiveness of the roof at cooling the space below. 
 
Both lightweight and heavyweight wall and floor constructions were considered and analysis 
was performed for the 1970s base climate as well as for the 2030s and 2050s using the high 
emissions scenario 50th and 90th percentiles. For all modelling the addition elements relating 
to trees, shrubs and green roofs were present in the model but the cooling power was tuned on 
or off accordingly. This allowed the simulations to be a measure of the impact of the cooling 
power of plants not of the shading of trees or the addition of thermal mass from a green roof. 
 
Results 
The effects of including the cooling power of plants outside the building were investigated 
using computational fluid dynamics (CFD) software in addition to the normal thermal 
modelling analysis. CFD is a branch of fluid mechanics that uses algorithms to solve fluid 
flows by solving the Navier-Stokes equations. By overlaying a mesh, the space to be 
investigated can be divided into smaller cells for which the Navier-Stokes equations can be 
iteratively solved. These equations track mass (air velocity) and energy flow (temperature) 
between the different cells. There is a trade off between cell size, which is limited by 
computational power, and accuracy. For the results presented here the CFD package 
Microflo, which is an add-on to the IES thermal modelling software was used. CFD offers a 
snapshot of the air velocity, temperature and pressure at a given time on a given day for a 
single room. For the purposes of this investigation the 14th July at 4pm was chosen as the 
time of investigation, this was chosen as it is the warmest day in summer in the 1970s 
weather file and is not an atypical summer day for the future weather files. Table 2 shows 
external environmental variables for 4pm on the 14th July for each of the weather files used. 
 

Table 2 Environmental variables from different weather files for 4pm on 14th July. 

 Air Temperature (°C) Wind Speed (m/s) Wind direction (° 
East of North) 

1970s 27.70 4.8 270 
2030 high 10% 17.80 7.2 80 
2030 high 50% 25.40 6.2 170 
2030 high 90% 26.00 6.2 310 
2050 high 10% 24.50 5.5 220 
2050 high 50% 22.30 8.7 200 
2050 high 90% 30.40 6.7 190 
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Figure 4 shows the air velocity contours in section through one courtyard area. It is found that 
the ground floor courtyard while sheltered the air is not stagnant: there is reasonable airflow 
into and out of the area. Air flows prominently along the external walls of the building and 
along the courtyard floor (in this case along the surface of the construction representing the 
shrubs and paving at 0.5m). It is also shown that the air velocity is greater for the lightweight 
construction (note the scales in the figure), probably due to higher surface temperatures. 

 
Figure 4 Air velocity contours in cross section through the lower left hand courtyard for lightweight and heavyweight 

constructions. Data shown for the 1970s climate with plants included. 

 
The distribution of airflow at different heights within the courtyard is shown in figure 5. 
Airflow patterns are very similar both with and without the inclusion of the cooling effect of 
the plants. The air patterns seem to be dominated by the wind and air flowing up the façade 
of the building. This indicates that the courtyard area is not sufficiently sheltered enough to 
create its own microclimate. Figure 5 shows that the air speed is greatest close to the external 
façade of the building and under the canopy over the café area. 
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Figure 5 Filled air velocity contours for the lower left-hand courtyard without plants (left) and with the cooling power of 
plants included (right) at different heights. From top to bottom, 63cm, 135cm, 287cm above ground level. Data shown for 

1970s climate and lightweight construction.  

The influence of the plants on the air temperatures within the lower courtyard is small. This is 
likely due to the exposure of the courtyard, which is wide and not very deep. Table 3 shows 
the mean and maximum air temperatures within the space for both the current climate and 
2050 with and without the influence of the plants. As the data shows there is only a small 
impact on the air temperatures within the courtyard, mean temperatures are typically reduced 
by ~1/20th °C and maximum temperatures by ~1/10th °C. 
 

Table 3 Mean and maximum monthly air temperatures for the lower left courtyard area for July with and without plants. 

 Without Plants (mean/max) With Plants (mean/max) 
Lightweight 1970s 17.40°C / 29.06°C 17.35°C / 28.94°C 
Lightweight 2050 high 50% 21.06°C / 30.39°C 21.01°C / 30.27°C 
Lightweight 2050 high 90% 24.39°C / 33.45°C 24.34°C / 33.35°C 
Heavyweight 1970s 17.40°C / 28.95°C 17.35°C / 28.83°C 
Heavyweight 2050 high 50% 21.07°C / 30.30°C 21.01°C / 30.17°C 
Heavyweight 2050 high 90% 24.39°C / 33.40°C 24.34°C / 33.30°C 
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The heavyweight construction was also modelled for the 1970s and 2050s (50th percentile) 
with the inclusion of the permeable paving. These simulations produced mean and maximum 
temperatures of 17.19°C / 28.40°C and 20.86°C / 29.84°C respectively. While this is an 
improvement over just the shrubs and trees it is unlikely that the permeable paving will 
contain water during the summer months for any amount of time, unlike plants whose roots 
will be able to obtain deeper moisture.  
 
Figure 6 shows the temperature contours within the courtyard for the lightweight and 
heavyweight constructions in 2050. The figure shows that the air temperatures in the 
courtyard for the lightweight construction are slightly higher but that the air temperatures are 
similar. This is likely due to higher surface temperatures for the lightweight construction. The 
air in the courtyard is also largely at the same temperature with little stratification implying 
that the air is well mixed. The increased thermal radiation from the higher surface 
temperatures of the lightweight construction may have an implication for the levels of 
thermal comfort experienced in the courtyard.  
 

 
Figure 6 Temperature contours for a slice through the lower left-hand courtyard area for the heavyweight and lightweight 

constructions. Data shown for 2050 high emissions 50% file with plants included.  

Above the courtyard area the airflow and temperature contours are easier to understand due to 
being more exposed with fewer surfaces. Figure 7 shows temperature contours the middle 
section of the higher courtyard constructions (see figure 3) both with and without the 
influence of the plants. Both Figures 6 and 7 show that there is very little stratification of the 
air within the spaces indicating that the air is well mixed and a separate microclimate hasn’t 
been created. The two simulations represented in figure 7 show very little difference between 
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having the cooling power of plants included and not. This is likely due to the cooled air being 
removed by exposure to wind.  
 

 
Figure 7 Temperature contours for the upper middle courtyard both with plants (left) and without plants (right) for the 

lightweight construction. Data shown for 2050 high emissions 50% file.  

Tables 4 and 5 show the impact of the courtyard planting on the internal temperatures of the 
flats on different storeys for the two different constructions. The flats considered are aligned 
vertically and open into the middle courtyard section (see figure 3).  
 
Table 4 Average / Max internal temperatures for the month of July for current climate and 2050s (2050 high 50%) with and 

without plants included in the model (not including permeable paving). Lightweight construction. 

Weather file Flat gnd 
floor 

Flat 1st 
floor 

Flat 2nd 
floor 

Flat 3rd 
floor 

Flat 4th 
floor 

1970s 22.21 / 
27.41 

22.24 / 
28.34 

22.31 / 
28.61 

22.30 / 
28.71 

22.11 / 
28.86 

1970s with 
plants 

22.20 / 
27.39 

22.24 / 
28.33 

22.30 / 
28.60 

22.30 / 
28.71 

22.11 / 
28.85 

2050s 23.59 / 
28.71 

23.65 / 
29.63 

23.72 / 
30.42 

23.74 / 
30.89 

23.63 / 
31.30 

2050s with 
plants 

23.58 / 
28.70 

23.65 / 
29.64 

23.71 / 
30.42 

23.74 / 
30.88 

23.62 / 
31.29 

 
Table 5 Average / Max internal temperatures for the month of July for current climate and 2050s (2050 high 50%) with and 

without plants included in the model (not including permeable paving). Heavyweight construction. 
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Weather file Flat gnd 
floor 

Flat 1st 
floor 

Flat 2nd 
floor 

Flat 3rd 
floor 

Flat 4th 
floor 

1970s 22.12 / 
26.17 

22.13 / 
26.64 

22.16 / 
26.65 

22.17 / 
26.69 

22.11 / 
27.52 

1970s with 
plants 

22.12 / 
26.16 

22.13 / 
26.64 

22.16 / 
26.65 

22.16 / 
26.68 

22.11 / 
27.51 

2050s 23.31 / 
27.38 

23.38 / 
27.95 

23.40 / 
28.08 

23.43 / 
28.25 

23.42 / 
28.90 

2050s with 
plants 

23.30 / 
27.37 

23.37 / 
27.95 

23.40 / 
28.08 

23.43 / 
28.24 

23.42 / 
28.90 

 
 
In contrast to the courtyard planting, the application of green roofs to the building seems to 
have a more pronounced affect on the air temperatures within the building. The improved 
performance of the green roofs compared to the courtyard planting is likely due to the 
reduced influence of the exposure of the site; the plants providing the cooling power are in 
direct thermal contact with the building. Figure 8 shows the air temperature within the 
communal café area for the month of July in 2050 with and without the green roof modelled 
using method 1. In this scenario the green roof reduces the internal air temperature of the 
room by up to 8°C. It should be noted that this level of cooling expressed here is an over-
estimate, as the cooling will happen at the surface of the vegetation rather than within soil, 
which is represented by method 1. This however means that coolth that would be removed by 
airflow over the surface is not fully accounted for. The result however, is useful as it 
represents a theoretical upper limit to the effectiveness of a green roof system. 
 

 
Figure 8 Temperature plots for the café area both with (red) and without (green) the effects of the green roof. Data shown 

for 2050 high emissions 50% file, heavyweight construction using method 1.  

Method 2 uses a different and potentially a more reasonable approach for modelling of a 
green roof in IES. The green roof is still included in the model as an extra element on top of 
the existing roof, however the roof of the green roof element is fully glazed with physical 
properties similar to those used for the ‘courtyard rooms’ and the glazing is set to be 100% 
open all the time. Since cooling is applied to the air within the green roof (heating and 
cooling is always applied to air within rooms in software such as IES), this allows the cooled 
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air to be removed from the space by the wind. This significantly reduces the effectiveness of 
the green roof compared to method 1. Figure 9 shows the effect on internal air temperatures 
using method 2; the data shown is for the same room and time period as for that shown in 
figure 8. Unlike method 1 where the cooling effect of the green roof leads to a temperature 
decrease of <8°C, method 2 has little effect on internal temperatures with a temperature 
decrease of <0.5°C.  
 

 
Figure 9 Temperature plots for the café area both with (green) and without (red) the effects of the green roof. Data shown 

for 2050 high emissions 50% file, heavyweight construction using method 2. 

 
As you might expect the effectiveness of the green roof cooling is a function of wind speed. 
As shown in figure 10, there is a more pronounced cooling effect in the room below when the 
wind speed is small. This implies that method 2 is quite sensitive to the estimated wind 
exposure of the green roof. The roof as shown in figures 9 and 10 is modelled as semi-
exposed with a pitch of <10°, greater decreases in temperature can be achieved by altering 
the exposure of the roof or reducing the aerodynamic area of the opening.  
 

 
Figure 10 Zoomed in plot of data shown in figure 9 overlaid with wind speed (in blue).  
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It is hard to estimate the exact air speed at the surface of the green roof and what affect this 
may have on the cooling potential. The speed of the wind above a surface varies not only 
with height but also with surface roughness. It is likely that the increased surface roughness 
will create turbulence and reduce the wind speed close to the surface. A generally accepted 
estimation of wind speed above a surface under this scenario is the log wind profile which is 
adjusted according the to height of the surface roughness and the base wind speed. Figure 11 
shows how the wind speed varies according to the log wind profile as you approach a surface 
comprising grass or meadowland (6” high grass or similar) for a base wind speed of 5m/s at 
10m (about average for Exeter). As we approach the surface of the roof the wind speed 
reduces to zero. Therefore where the cooling is occurring just above the roof surface in the 
leaves of the plants the air speed is greatly reduced. Therefore it would seem that methods 1 
and 2 represent the upper and lower bounds respectively of the effectiveness of a green roof. 
It would therefore seem prudent to explore the effect of reducing wind speed on the cooling 
effect of a green roof. However, a potential problem with using method 2 and reduced airflow 
is increased air temperatures within the space due to high solar gains. One way to over come 
this and to fill the information gap between methods 1 and 2 is to use method 1 and introduce 
an infiltration rate into the space. This allows greater control over the exact amount of airflow 
into the space and potentially a more accurate representation of the cooling effect of a green 
roof. 
 

 
Figure 11 log wind profile of wind speed with height above a grass / meadow surface. 

The green roof was re-modelled with several different ventilation rates and the results are 
shown in figure 12. The green roof was modelled without any air flow (method 1) 
represented by the black line. The space was then also modelled with an infiltration of 10 air 
changes per hour (ac/h) (red line) and 100 ac/h (green line). The two blue lines were 
modelled using method 2, the light blue line represents a 100% open (aerodynamic area) 
windows in the roof of the green roof element (same as presented above). While the 
ventilation is dependent on wind the average ventilation rate is approximately 2000 ac/h with 
maximum ventilation rates in excess of 8000 ac/h. The dark blue line represents the same 
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method but the aerodynamic area has been reduced from 100% to ~16% by modelling the 
window as a grille with a discharge coefficient of 0.2. This equates to an average ventilation 
rate of approximately 300 ac/h.  
 
You will note that the simulations without the cooling power of the roof turned on (squares) 
do not lay on top of one another. This is due to the different ventilation rates altering the 
convective heat loss from the building fabric. Sadly this is unavoidable and is a feature of the 
software, however what we are interested in the gap between the same coloured lines 
(squares and triangles). The clear glazed roof used for method 2 and the two blue lines in 
figure 12 also produce different results from those modelled with an opaque solid roof as in 
method 1 and the black, red and green lines in figure 12 due to the increased solar gains 
within the space.  
 

 
Figure 12 Plot of internal air temperatures one of the offices with (triangles) and without (squares) the plant cooling turned 

on for different levels of ventilation. 

Conclusions we can draw from figure 12 are that as the ventilation rate is decreased the 
greater the cooling effect of the green roof (greater the vertical distance between squares and 
triangles). The maximum cooling effect as modelled here can be anything between 0.5°C and 
8°C depending upon the airspeed (ventilation rate) used. While the data shown for the green 
roof analysis is for the heavyweight construction, the lightweight construction shows similar 
responses albeit slightly larger temperature differences due to the reduced thermal capacity of 
the building fabric.  
 
It should also be noted that as mentioned in the introduction that changes to the wind speed 
over the green roof will increase the rate of transpiration and hence the cooling power of the 
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green roof by removing moisture and supplying heat in the form of warm air. This has not 
been accounted for here; all scenarios are modelled using the same average cooling power 
based on the approximation of average annual transpiration, which is based on measurements. 
Ideally we could model on a second by second basis altering the cooling power of the green 
roof depending upon the environmental conditions at the time. However, this is beyond the 
capabilities of the software used.   
 
Discussion 
The courtyard planting does have the effect of reducing air temperatures both externally and 
internally, however the change is small. This is likely due to the fact that the courtyard is 
shallow and open on one side; this is a departure from the courtyards observed in Middle-
Eastern architecture, which are typically deep and sheltered. The study is also a study of the 
cooling effect of the plants only and has been normalised with respect to the shading of the 
plants. The inclusion of plants as shading devices is well understood and is generally known 
to significantly reduce surface temperatures and hence the temperature of the surrounding air. 
As such this report focuses only upon the cooling produced by plants evaporating water 
separate from the effects of shading. The increased exposure to the wind results in there being 
limited scope for the creation of a microclimate through the use of water and planting, it also 
elevates the general temperatures in the courtyards through the ingress of sunlight. To check 
this hypothesis a simple 4-storey (12m) building with an 8 × 8 m courtyard was modelled 
with and without the inclusion of plants (shrubs only). The results can be seen in figure 9 for 
comparison with figures 6 and 7. The air in the deeper courtyard shows greater stratification 
and the plants have reduced the temperature by approximately 0.6°C. While this is not a large 
decrease in temperature it is significantly larger than the changes in air temperatures observed 
for the St Loyes courtyard areas. These effects would be increased further with the 
application of covered terraces and a pool of water instead of shrubs. More research is 
required to discover if the modest levels of cooling shown by the modelling is due to the 
reasonable wind speeds shown on the days chosen or is characteristic of the modelling 
software and the method used. The methodology developed for this study is new and is still 
experimental. Therefore it would benefit from further studies perhaps with input from the 
software developers IES to improve the accuracy of the method. While the levels of cooling 
shown here are modest, with further work on the interaction between architecture and blue 
and green space, external planting could become a viable climate change adaptation strategy 
for the UK.  
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Figure 13 CFD simulation of a deep courtyard in the 1970s climate with plants (left) and without plants (right).  

The implementation of green roofs can have a far more pronounced effect on the internal 
climate. The green roofs are in direct thermal contact with the building fabric and hence are 
able to more effectively cool an internal space. As modelled here rooms below the green roof 
can achieve a maximum reduction in temperature of between 0.5-8°C depending on the 
ventilation rate chosen. A greater ventilation rate means higher air speeds and less effective 
cooling as the coolth is blown away by the wind. It seems likely that the magnitude of the 
cooling effect in reality will be closer to the 0.5°C number. However, to improve this 
methodology further measurements of air speeds and air temperatures are required of real 
green roofs to more accurately represent them within software such as IES. 
 
Despite the limitations of the models the results suggest that green roofs may have the 
potential to be climate change adaptation options for individual buildings as well for as 
conurbations, through the well-documented reduction of the urban heat island. 
 
It has been noted by various sources that the evaporative moisture loss from a soil surface is 
negligible or zero if there is dense vegetation above. This means that in the absence of 
drainage or external watering the moisture content of the soil and hence the transpiration of 
the plants is dependent on the rainfall. The methodology used in this paper does not allow for 
drying out of the soil, for the courtyard plants this is reasonable as there is likely to be some 
watering of plants during prolonged dry periods. However, for the green roofs, unless 
irrigation is present the cooling power of the vegetation in the future during the summer 
months may be significantly reduced and at worst the vegetation may die. Table 6 in the 
appendix show monthly and annual rainfall values for the different weather files used in this 
report. The values are variable from month to month and from year to year. Climate change 
projections indicate that summer rainfall is due to become more sporadic and rainfall events 
more intense. Therefore there is a need to consider the storage of rainwater during intense 
rainfall events for use later.  
 
In summary, this report presents a methodology for the inclusion of external planting into 
building thermal models. The implementation of external planting should allow for the 
creation of an external microclimate if geometry of the building allows for a deep sheltered 
courtyard. The use of green roofs is potentially an effective way of reducing internal 
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temperatures in the internal space below. This represents a possible climate change 
adaptation measure if adequate soil moisture is present. 
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Appendix 

Table 6 Monthly and annual rainfall amounts (mm) for different weather years. 

 1970s 2030s high 
50% 

2030s high 
90% 

2050s high 
50% 

2050s high 
90% 

Jan 164 80.3 57.3 78 173.3 
Feb 47.5 118.6 119.2 42.5 70.1 
Mar 155.2 143.1 52.9 102.1 72.9 
Apr 86.3 97.9 23 53.7 160.8 
May 61.2 49.2 51.2 68.8 51.1 
Jun 28.9 10.9 28.6 31 6.3 
Jul 9.5 26.2 77.1 105.2 27.1 
Aug 77.7 43.2 22.6 23.2 1.1 
Sep 25.2 69 53.3 98.7 28.2 
Oct 104.8 165.2 17.9 93.6 100.5 
Nov 24.3 83.5 116.9 96.5 86.3 
Dec 100.1 125.8 77.5 104.7 106.6 
Annual 884.7 1012.9 697.6 898.1 884.1 

 
 

Table 7 Cooling power (W) for different elements for different weather years.  
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Element 1970s 2030s high 
50% 

2030s high 
90% 

2050s high 
50% 

2050s high 
90% 

Large tree 771 883 608 783 736 
Small tree 507 581 400 515 484 
Left courtyard shrubs only 4109 4704 3240 4171 3920 
Right courtyard shrubs only 3698 4233 2916 3754 3528 
Left courtyard shrubs + 
permeable paving 24652 28223 19437 25024 23521 

Right courtyard shrubs + 
permeable paving 15510 17757 12229 15745 14799 

Green roof above offices 29399 44344 30533 39309 36948 
Green roof above café 25680 29399 20247 26067 24501 
 


