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Abstract

Office buildings require a significant amount of energy for heating and cooling purposes. A possible
strategy for reducing this energy in order to reduce carbon emissions and operational costs is to
specify high performance facades. However, their benefits remain unclear for UK conditions with
mild winters and cool summers. This paper reports on an investigation on energy demand in offices
in London incorporating facades with U-values between 1.2-2.6 W/m2K and g values between 0.3-0.5
using the dynamic simulation tool Tas. Other variable considered include climate change (using
CIBSE future weather data files), low internal gains, long working hours and office orientation. It
was found that apart from the case when internal gains are low, cooling is overwhelmingly necessary
and energy usage increases with decreasing U-value and decreases with decreasing g-value. Low U-
value facades act to reduce conduction heat losses thereby increasing energy use. Conversely, low g-
value facades act to reduce solar heat gains thereby reducing the energy required for cooling. The
results are used to highlight deficiencies in the Building Regulations and where more advice would be
of benefit. The paper also discusses the merits of a number of strategies for reducing energy use in
office buildings.
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1.0 Introduction

The UK is aiming to achieve an 80% reduction in its carbon emissions from 1990 levels by 2050
because of climate change (DECC, 2013). It is widely believed that this can be accomplished by
reducing energy use, much of which is currently derived from non-renewable sources such as coal,
crude oil and natural gas. In Europe, buildings account for around 40% of total energy consumption
and 36% of carbon dioxide emissions (European Commission, 2018) and would therefore seem to be
an obvious sector to tackle. A large proportion of the effort to date in this area has been focused on
domestic buildings whereas non-domestic buildings such as offices, which are also responsible for a
sizable percentage of energy usage, seem to have received far less attention (Spyropoulos and Balaras,
2011; Boyano et al., 2013). This situation is only likely to get worse given the UK government’s
decision to drop the zero carbon target for non-domestic buildings in 2019 as part of the Productivity
Plan published in 2015 (HM Treasury, 2015). Yet, office space dominates the land use in many major
cities around the world. In London, office buildings account for the highest percentage of the total
non-domestic building floor space provision, being of the order of 30% (Choudhary, 2012). A report
by Ramidus Consulting Ltd (Harris, 2017) estimates, based on employment projections, that six
million square metres of net additional office floor space will be required in London over the period
2016-2041, which is an increase of 23.2% from 2016 levels. This scale of development will no doubt
further intensify the urban heat island (UHI) effect, currently responsible for temperatures in London
being on average between 1-3°C higher than the surrounding rural values (CIBSE, 2014; Levermore
and Parkinson, 2019). The UHI effect is believed to be associated with changes in urban surfaces
which have altered, among others, the radiative, thermal, evapotranspiration and aerodynamic
properties of the environment (Kolokotroni and Giridharan, 2008; Priyadarsini, 2009). These
conditions will be further exacerbated by the extreme temperatures experienced during recent
heatwaves in the UK such as those in 2003, 2006 and 2018 which, according to some experts, will by
2040, constitute normal summer temperatures (Dunne, 2018; Temperton, 2018). The higher



temperatures resulting from these effects are likely to increase the overall demand for air conditioning
and hence electricity demand, which is mostly met by burning fossil fuel, and in turn further drives
climate change, and emphasises the need to remain focused on non-domestic buildings in the UK and
beyond.

The efficient use of energy in buildings is encouraged/enforced in the UK via the Building
Regulations (DCLG 2016a) and voluntary initiatives such as BREEAM (BRE 2018). Building
Regulations 2010: Approved Document L2A (DCLG, 2016b) includes minimum standards for fabric
thermal efficiency e.g. curtain walling, as well as the efficiency of the equipment necessary for
lighting, heating, ventilation and air conditioning of buildings. Of these two options, the former is
favoured by some because it offers a number of advantages including better resilience to climate
change, continuity to energy supplies and reduced whole life costs of buildings (CIBSE, 2015).

Fabric thermal efficiency is a function of its U-value. Lower U-values mean better thermal insulation.
In locations with a temperate climate such as the UK where external temperatures are generally lower
than those indoors it would seem reasonable to assume that the provision of well insulated facades
and roofs would reduce energy use. Low U-value facades should stop heat from escaping during cold
weather conditions but also prevent heat from entering buildings during hot spells. It is estimated that
around 54% of the total energy consumed in office buildings is required for heating and cooling
(Pérez-Lombard et al. 2008), and thus the provision of well insulated roofs/facades should have a
substantial influence on total energy demand and hence carbon emissions from buildings.
Accordingly, in recent years, much work has been focused on developing smart glazing technologies
and controls (Kaluarachchi et al, 2005), high performance insulation materials and glazing products
(Jelle et al. 2010). Use of the later technologies in office building envelops has enabled designers to
provide thin and well insulated facades (curtain walls) with high window-to-wall ratios. Vacuum
insulation panels are regarded as one of the most upcoming high performance thermal insulation
solutions (Kalnas and Jelle, 2014). During the last decade they have been used in building
applications in increasing numbers in order to reduce energy use and carbon emissions. Vacuum
insulation panels are able to achieve an overall U-value of 1.1 W/m2K with a window-to-wall ratio of
0.7 (Kingspan, 2018). This is considerably better that the maximum allowed U-value for facades in
Approved Document L2A, which is currently 2.2 W/m?K.

Nevertheless, the studies that have been carried on office buildings in cold/cool climates appear to
provide conflicting results. For instance, Pikas et al. (2014) investigations involving a generic single
floor of an office building in Estonia where the climate is cold found that the most cost and energy
efficient facade would be one with a small window to wall ratio, argon filled triple glazing and walls
with 200 mm thick insulation with a U value of 0.16 W/m?K. Grynning et al. (2013) investigated the
energy performance of windows in a Norwegian office by varying both the U and g values of glass,
the latter being the total solar energy transmittance, which indicates the share of the incoming solar
energy converted into heat inside a building. It is expressed as a number between 0 and 1, where
lower SHGC values mean less solar heat transmission and which generally account for the whole
window including the effect of the frame. Grynning et al. (2013) found that despite the cold weather
conditions, the cooling demand was high. Raji et al. (2016) explored through computer simulations
the energy performance of a number of window types including single, double and triple glazing fitted
to a typical high rise building in the Netherlands, which like the UK experiences a temperate climate.
Their results showed that the energy required for heating and cooling reduced with reducing U-value.
Similarly, Boyano et al. (2013) concluded that higher insulation values are recommended in office
buildings located in cold and medium climate zones such as Tallinn in Estonia and London,
respectively. A study conducted by AECOM (2011) for UK conditions, however, suggested that
lowering the U-value from the currently recommended value of 2.2 W/m?K for windows/curtains
walls would have little benefit. The effects on energy consumption due to the use of high performance
facades coupled with changes to parameters affecting building usage — for example, occupancy hours
and occupancy density - as well as changes to the internal/external environment — for example, the use
of more energy efficient lighting and equipment and future weather conditions - are also not clear
from these studies.



Work by a number of authors has further shown that energy demand in buildings is also influenced
by, among others, built form (Gratia and De Herde, 2003; Yang et al, 2008; AECOM, 2011), UHI
effect (Magli et al; 2015; Gunawardena et al, 2017) and shading from adjacent buildings (Chan, 2012;
Yu and Pan, 2018). However, currently there are no specific recommendations on these aspects in the
Building Regulations and they are not discussed further. Nevertheless, the building model used in this
work and the variables considered make it is possible to check the findings of some of these studies
and, where necessary, to identify any anomalies that may exist.

The two fold aims of the work reported in this paper are (a) to investigate the influence of high
performance facades, specifically fabric parameters U in the range 1.2-2.6 W/m?K and g-values in the
range 0.3-0.5, on the energy required for heating and cooling of office buildings in London under a
number of operating conditions including long working hours, low internal heat gains and future
weather conditions and (b) to use the results to review the advice on these aspects in the UK Building
Regulations 2010: Approved Document L2A (DCLG, 2016b) as well as to make recommendations
for reducing energy use in office buildings. The energy required for heating and cooling in this work
was estimated using a well-known dynamic simulation tool called Tas (EDSL 2012). Tasis a
commercially available software, developed by EDSL. It is accredited by the UK government (Ward,
2018) and can be used to estimate the annual load due to heating, cooling, lighting and ventilation of
buildings. Tas models hourly energy requirements and can be used to analyse the performance of
whole structures (Gratia and De Herde, 2003; Abdullah and Wang, 2009). However, in this work
only the performance of a number of single office spaces 6m deep x 3m high x 10m long was
analysed (Kolokotroni et al, 2004; CIBSE, 2015)). The following provides further details of the
building form analysed together with details of the simulations that were performed.

2.0 Methodology

2.1 Building form and standard operating conditions

In general, high rise office buildings have simple shapes and large window to wall ratios. In this type
of structure the perimeter zone is the most important with respect to energy use for heating and
cooling because this is where the fagade exerts the greatest influence and also where the largest
amount of heat transfer occurs. Moreover, assuming similar occupancy/usage throughout, all the
floors apart from the top and bottom will consume similar amounts of energy. Thus although it is
possible to model the behavior of office buildings by examining the performance of an actual/entire
structure it is also reasonable to consider only the behavior of a number of modules in the perimeter
zone. It was felt that the latter approach offered a number of advantages including the fact that the
results would be more generally applicable and that it would help highlight more clearly the influence
of fagades on heating and cooling loads in office buildings. It also allowed manual checks to be
carried out on the results using the heat balance equation (Kreider et al, 1994), thereby preventing
gross errors.

Fig. 1 shows the general arrangement of the building used in this work. It is three storey structure
with an open-plan area 55mx55m and floor to ceiling heights of 3m. The structure is a simplified
model of a multi-storey office building and assumes that all the floors apart from the top and the
bottom consume similar amounts of energy (Korolija et al., 2013). Energy usage was assessed by
considering the performance of four offices in the perimeter zone: 1, 2, 3 and 4, each 6m deep x 3m
high x 10m long, presumed to be located on the middle floor and facing respectively West, North,
East, and South. It was assumed that the fagade is 10m long and 3m high and the window to wall
ratio is 0.7 (Table 1). The remaining three sides of the room are internal walls and as such the effect
of adjacent offices on the performance of the test offices would be minimal. The U-values of the
floors and walls assumed in our work are the default values in Tas which are the same as those for the
notional building as summarised in Table 5 of the UK Building Regulations 2010: Approved
Document L2A (DCLG, 2016b). Here it can be seen that the U-value for walls is 0.26 W/m?K and
for floors is 0.22 W/m?K.
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Fig. 1. TAS building model (a) plan (b) isometric

Table 1 provides details of the normal operating conditions assumed in the simulations. The
ventilation rate and values of internal gains due to people, lighting and equipment, based on an
occupancy density of 12m? per person shown in Table 1 are taken from CIBSE Guide A (CIBSE
2015). It was further assumed that the building will normally be occupied between 8am and 6pm,
seven days a week. The design set-point temperature was assumed to be 22°C in both winter and
summer. This was based on advice in CIBSE (2016) for open plan, air conditioned office buildings
which recommends operating temperatures of between 21-23°C in winter and 22-24°C in summer.
Neither relative humidity nor latent heat were considered in the simulations.

Office space 3m x 10m x 6m

Facade 3m x10m

Window to wall ratio 0.7

Internal gains People 6.7

(W/m2) Lighting 12
Equipment 15

Ventilation rate 10 I/p/s

Operating hours 0800-1800, 7 days a week

Design indoor temperature 22°C

Table 1. Building form and operating conditions



S (W/m?)
Season Tmin (°C) | Tmax (°C) | Tow (°C) | Tin (°C) | AT (°C) | N E S W
Winter 0.5 14.5 6.8 22.0 -16.1 14.5 27.1 57.9 27.1
Mid-season | 1.7 18.2 10.5 22.0 -11.5 49.4 80.8 100.7 | 80.8
Summer 9.3 25.7 16.7 22.0 -5.3 70.4 106.6 | 1114 | 106.6

Table 2. London indoor and outdoor temperatures, solar irradiation, averaged by seasons

2.2 Climate data

Tas contains weather files which can be used to carry out the dynamic simulations but in fact the
weather data given in the Test Reference Year (TRY) database (CIBSE 2016) was used as it is more
representative of the weather conditions in the UK.

As previously noted, to check against gross errors in the dynamic simulations manual checks on both
the annual and seasonal energy demands based on the heat balance equation were also carried out.
This required access to values of both exterior temperatures as well as values of the incident solar
irradiance on windows for London. For convenience the exterior temperatures were obtained from
the Government’s Standard Assessment Procedure (SAP) (BRE, 2012). These values show that
London has a temperate climate with mild winters and cool summers. Fig. 2 shows the monthly
average temperatures for London. The monthly values were used to calculate the average outdoor
temperatures, Tou, by season shown in Tables 2. The table also includes figures for the minimum,
Tmin, and maximum, Tmax, Seasonal temperatures. Note that in this table, winter covers the period
November-February and summer is the period between June-September. The remaining months are
classed as mid-season.

The design indoor office temperature, Tin, was taken to be 22°C and used to calculate values of the
average temperature difference between indoor and outdoor conditions, AT (= T,y —Tin), Shown in
Table 2. Note that the average outdoor temperature is always significantly lower than the design
indoor temperature, as indicated by the negative AT values.

e el e ]
O N M OO OO O
1 1 1 1 1

Dry-bulb
temperature ("C)

o N B OO ©
1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
——London (Heathrow)

Fig. 2. Monthly average temperature profile for London



Scenario Ref Building model, window to Hours of Internal gains Weather
wall ratio, ventilation rate working (W/m2) (CIBSE)
1 SC1 Table 1 0800-1800, 33.7 current
7 days a week
2 SC2 Table 1 0700-2300, 33.7 current
7 days a week
3 SC3 Table 1 0800-1800, 25 current
7 days a week
4 Sc4 Table 1 0800-1800, 33.7 Future: 2050
7 days a week

Table 3: Simulations performed

Table 2 also shows values of the monthly mean daily solar irradiance on vertical surfaces, S, averaged
over 24 hours (W/m?). The solar irradiance is a measure of the power per unit area on the Earth’s
surface produced by the sun in the form of electromagnetic radiation, perceived by humans as
sunlight. These values were determined using the method in SAP (BRE 2012). Note that the weather
data shown in Table 2 was not used in the dynamic simulations but has been included here to explain
some of trends obtained.

2.3 Simulations performed

Four scenarios were investigated in this study as summarized in Table 3. Scenario 1 assumes the
standard operating conditions and hours of occupation detailed in Table 1 apply. Scenario 2 assumes
the same operating conditions as scenario 1 but that the building is occupied between 7am and 11pm,
seven days a week. This is based on work by a number of authors including Azar and Menassa
(2012) and Sun (2014) who found that there is a considerable difference between the predicted and
actual energy use in buildings, often referred to as the energy gap. According to Korjenic and Bednar
(2012) this can be particularly large for office buildings because the intended building use is unknown
at the design stage. These authors attribute this discrepancy to the combined effect of building
operation and maintenance, and occupants’ activities and behaviour such as equipment and lights
being left on during non-operating hours rather than any problems with the simulation software.
Added to this is the fact that large size buildings tend to have longer average working hours which can
vary between 60-80 hours, and building schedule and after-hours equipment use have been found to
be very influential (Azar and Menassa, 2012). Menezes et al (2012) found that correct prediction of
occupancy hours could greatly reduce performance gap.

Scenario 3 looks at the effect of lower internal gains due to a slightly lower occupancy density (16
rather than 12m?/person) as well as the use of more energy efficient fluorescent lighting resulting in
internal gains from people, lighting and equipment of 5, 8 and 12 W/m? respectively. Scenario 4
considers the impact of climate change on energy use and uses data provided in CIBSE (2016), which
is the 2050 medium emission scenario, 50" percentile.

In each case, the heating/cooling load is calculated assuming that the U-value of the whole facade
including frames, spandrel zone and glazing, varies between 1.2W/m?K and 2.6W/m?K. The higher
value was selected based on recommendations in the Building Regulations: Part L2A (DCLG, 2016b)
which states that the U-value of curtain walling should in general not exceed 2.2 W/m?K but can be as
high as 2.7 W/m?K in buildings with high internal gains. The lower value was based on
manufacturer’s literature which shows that curtain walling with a U-value of 1.1 W/m?K and lower is
now commonly available (Cuce and Riffat, 2015). Three values of the total solar energy
transmittance (g-value) namely 0.3, 0.4 and 0.5, were also investigated in this study. Selected results
from this study are presented and discussed below.




3.0 Results and Discussion
3.1 Scenario 1

(i) Annual load

Fig. 3 show the effect of U and g-values on annual energy demand for offices at the four cardinal
orientations. It can be seen that, irrespective of orientation, annual energy demand increases with
decreasing U-value and that North facing offices have the lowest energy demand whereas South
facing offices have the highest. The annual energy load was also found to decrease with decreasing g-
value. These results were unexpected but were confirmed by hand calculations based on the energy
balance equation which exhibited similar trends (Wang, 2018). In order to understand these trends the
energy demand by season was considered.

(ii) Seasonal loads

Figs 4(i)-4(vi) show the energy required in winter, mid-season and summer for North and South
facing offices. Here it can be seen that apart from winter (Fig. 4i, 4ii), where it appears that the least
amount of energy is required when the facade has a U-value of around 1.8 W/m?K for North facing
office and 2.3 W/m?K for South facing offices, energy demand increases with decreasing U-value. An
examination of the nature of the energy usage in winter shows in fact that North and South facing
offices require a mix of heating and cooling (Fig. 5) whereas at all other times of the year there is just
a cooling demand. This is despite the fact that average outdoor temperatures in London are lower
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Fig. 3. Effect of U and g values on annual energy demand in North, South, East and
West facing offices in London under the SC1 scenario
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Fig. 4. Effect of U and g values on seasonal energy demand in North and South facing offices under

the SC1 scenario

than those indoors throughout the year (Table 2). The results suggest that in London offices the
problem faced by designers is not about keeping heat inside the building but predominantly about
allowing it escape. Thus it appears low U-value facades trap heat inside the building, thereby
increasing energy demand. This is consistent with the results for g-value. Lower g-value facades
result in lower solar heat gains and hence reduced energy demand.
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Fig. 5. Effect of U and g values on winter heating and cooling demand in North and South
facing offices under the SC1 scenario

This can be more clearly appreciated by considering values of the principal factors influencing energy
demand, namely
e Conduction heat gain/loss through facade (Qcond)
Ventilation heat gain/loss (Quair)
Internal heat gain (Qint)
Solar heat gain (Qso)
Heat gain/loss due to building heat transfer (Qv)

Table 4 shows summations of daily values of these parameters for South facing offices in winter, mid-
season and summer assuming g = 0.5 and U is either 1.2 or 2.6 W/m?K. Note that Qn and Q. represent
respectively the heating and cooling load. Also, Qy, which measures the heat gain/loss through
internal walls is not discussed here because its value is small in comparison with other components of
the heat balance and does not affect overall trends.

From Table 4 it can be seen that in winter when U = 2.6 Wm?/K there is a requirement for both
heating and cooling. But when U = 1.2 Wm?/K there is just a cooling demand. The results for winter
further show that there is an increase in energy demand when the U-value reduces from 2.6 to 1.2
W/m?K. This is principally due to the conduction heat loss which reduces from -38 kWh/m? to -20
kWh/m?, thereby eliminating the need for heating but significantly increasing the cooling load and
hence the overall energy demand. The conduction heat losses as a percentage of the internal and solar

Season U-value Qn Qc Qcond Qair Qint Qsol Qb
Winter 1.2 0 17 -20 -19 39 22 -4
2.6 5 8 -38 -19 39 22 0
Mid-season 1.2 0 41 -18 -13 40 37 -5
2.6 0 31 -31 -13 40 37 -2
Summer 1.2 0 63 -13 -4 40 44 -4
2.6 0 59 -19 -4 40 44 -1

Table 4. Effect of U-value on heating and cooling demand in South facing offices when g = 0.5 under

the SC1 sce

nario



heat gains reduce from 62% (= 38/(39 + 22)) to 33% (= 20/(39 + 22)) when U is reduced from 2.6
Wm?/K to 1.2 W/m?/K. These results further suggest that South facing offices incorporating facades
with a g-value of 0.5 and U-value of around 2 W/m2K would require minimal heating and cooling
during winter. Although this measure will increase energy demand at other times of the year,
assuming much of this energy can be derived from various green sources such as photovoltaic
modules installed in the spandrel area of the facade (Yu et al, 2017) and/or air source heat pumps,
which is a realistic proposition given that irradiation levels and dry-bulb temperatures are higher
during these periods, should help reduce CO; emissions (Wang and Arya, 2016).

In mid-season the average temperature difference between indoors and outdoors is smaller (Table 2)
and this reduces the heat loss due to ventilation, Qair, from -19 kWh/m? to -13 kWh/m?. The
conduction heat losses are also lower. Thus in the case of facades with a U-value of 2.6 W/m?K the
conduction heat loss reduces from -38 kWh/m? to -31 kWh/m?2. Moreover, because solar irradiance
levels are higher during mid-season compared with winter (Table 2), the resulting heat gain, Qsol,
increases from 22 kwWh/m? to 37 kWh/m?2. The net effect is that more energy is required for cooling
despite the fact that the average outdoor temperature is still around 11°C lower than indoors.

In summer, the difference between the indoor and outdoor average temperature is lower still at around
5°C and therefore the heat losses due to ventilation, Qair, and conduction (Qcond) further reduce to,
respectively, -4 kWh/m? and -19 kWh/m?2 assuming U = 2.6 W/m2K. The sun is stronger during this
period and this further increases irradiance levels and hence solar heat gains to 44 KWh/m?2, which in
turn increases the energy required to regulate building temperatures, i.e. Qn +Qc, to 59 kWh/m?. An
interesting result which emerges from this analysis is that in office buildings the highest energy
demand for heating and cooling occurs in the summer and the lowest in winter.

3.2 Scenario 2

(i) Annual loads

Scenario 2 looks at the effect of longer working hours on energy demand. As discussed in section 2.3
this scenario assumes that offices are occupied for 16 rather than 10 hours a day in order to take
account of the energy performance gap. Figs 6(i) and 6(ii) show the effect of U and g values on
annual energy demand of North and South facings offices respectively. Like scenario 1the results
show that annual load increases with decreasing U-value irrespective of office orientation. It can also
be seen that annual load decreases with decreasing g-value and that g-value has a larger effect on
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Fig. 6. Effect of U and g values on annual energy demand in North and South facing offices occupied
for 16 hours (SC2)
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South facing offices compared with North facing ones. As suspected, the annual loads obtained for
scenario 2 are higher than those for scenario 1 presumably due to the more prolonged period of
cooling.

(ii) Seasonal loads

The nature of the energy demand in winter and mid-season is shown in Figs. 7 and 8 respectively.
From Fig. 7 it can be seen that offices in London require a mix of heating and cooling in winter.
Decreasing the U-value decreases heating demand but increases cooling demand. For a given U-
value, South facing offices have a higher cooling demand than North facing offices. From the results
in Fig. 8 it can be seen there is minimal heating demand in mid-season, which is also true of summer.
Comparing the results with scenario 1 (Fig. 5) shows that longer working hours results in similar
heating loads but higher cooling loads.

Further insights are provided by considering values of the principal factors influencing energy
demand. Table 5 shows the results for South facing offices in winter, mid-season and summer
assuming g = 0.5 and U-values of 1.2W/m?K and 2.6W/m?K. The values in the table are summations
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Fig. 7. Effect of U and g values on winter heating and cooling demand in North and South
facing offices occupied for 16 hours (SC2)
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Season U-value Qn Qc Qcond Quir Qint Qsol Qb
Winter 1.2 0 26 -26 -32 62 21 0
2.6 5 12 -46 -32 62 21 2
Mid-season 1.2 0 54 -22 -22 64 36 -2
2.6 1 42 -36 -22 64 36 0
Summer 1.2 0 83 -14 -8 64 43 -1
2.6 0 78 -20 -8 64 43 0

Table 5: Effect of U-value on energy demand of South facing offices in London assuming g = 0.5,
SC2

of the hourly energy demand of individual terms for each season. Comparison with the results for
scenario 1 (Table 4) shows that both the conduction heat losses and the ventilation heat losses are
higher at all times of the year. The internal heat gains are significantly higher but the solar heat gains
remain the same. Longer working hours result in higher cooling loads essentially because internal
heat gains persist over a longer period of time and although conduction and ventilation heat losses
both increase, these increases are insufficient to offset the increase in internal heat gains. Lowering
the U-value of fagades further increases office cooling loads because it unfavourably reduces
conduction heat losses. From the results in Tables 4 and 5 it will be appreciated that longer working
hours increase energy usage and the use of lower U-value facades exacerbates this condition.

These results further indicate that sometimes during winter and mid-season there may be a need for
cooling in south facing offices and heating in north facing ones. This would suggests there is
potential to effect further savings in heating energy in London’s office building by installing a heat
recovery system such as variable refrigerant flow (Kani-Sanchez and Richman, 2017).

Table 6 shows the effect of g-value on annual and seasonal energy demand for South facing offices.
As in the case of scenario 1, lowering the g-value reduces energy demand in all seasons. The
reduction in cooling load achieved by decreasing the g-value from 0.5 to 0.3 in scenarios 1 and 2 is
similar. This is because lowering the g-value only affects solar heat gains which is the same in both
cases. The extended working hours occur either early in the morning or late evening when solar heat
gains are low.

From these results is appears that lower U-value facades still perform poorly if buildings are occupied
for longer hours because they trap unwanted heat.

Season g-value Qn Qc Qcond Quir Qint Qsol Qb
Winter 0.3 0 20 -24 -32 62 11 2
0.4 0 23 -25 -32 62 16 1
0.5 0 26 -26 -32 62 21 0
Mid-season 0.3 0 43 -18 -22 64 19 1
0.4 0 48 -20 -22 64 27 0
0.5 0 54 -22 -22 64 36 -2
Summer 0.3 0 69 -10 -8 64 22 1
0.4 0 76 -12 -8 64 32 0
0.5 0 83 -14 -8 64 43 -1

Table 6. Effect of g-value on heating and cooling demand in South facing offices when U = 1.2
W/m?2K under the SC2 scenario

3.3 Scenario 3

This scenario considers the impact of using equipment and lighting with lower internal gains.

(i) Annual results

Figs 9(i) and 9(ii) show, respectively, the effect on energy demand in North and South facing offices

if internal gains from lighting, equipment and occupants is 25 W/m? rather than 33.7 W/m? as
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Fig. 9. Effect of U and g values on annual energy demand in North and South facing office with
internal heat gains of 25 W/m? (SC3)

Season U-value Qn Qc Qcond Quair Qint Qsol Qb
Winter 1.2 3 112 | -23 -23 28 21 -5
2.6 0 -37 -22 28 21 -1
Mid-season 1.2 0 16 -23 -19 28 36 -7
2.6 2 10 -35 -18 28 36 -3
Summer 1.2 0 39 -18 -10 28 43 -4
2.6 0 33 -26 -10 28 43 -2

Table 7. Effect of U-value on heating and cooling demand in South facing offices when g = 0.5 under
the SC3 scenario

assumed for scenarios 1 and 2. It can be seen in the case of North facing offices that the annual
energy load decreases with decreasing U-value for all g-values. This is also true of South facing
facades when g = 0.3 but becomes more marginal when g =0.4. When g = 0.5 the trend reverses and
energy usage increases with decreasing U-value.

Comparing the results in Fig. 9 with the corresponding results in Fig. 3 shows that there is almost a
50% reduction in overall energy demand if internal gains are 25 W/m? rather than 33.7 W/m?,

(ii) Seasonal results

Table 7 shows a breakdown of the results for South facing offices in winter, mid-season and summer
assuming g = 0.5 and U is either 1.2W/m?K or 2.6W/m?K. The values in the table are summations of
hourly energy demand for these seasons.

Comparing with Table 4 shows that the value of internal heat gains, Qin;, are significantly lower and
both the conduction heat losses, Qcond, and ventilation losses, Quair, are generally somewhat higher.
The net effect of these changes are

@) cooling loads are lower in summer but heating loads are higher in winter.

(b) the heating and cooling requirement in mid-season and winter now exhibit similar trends in
that with high U-value facades some heating may be necessary whereas in the case of low U-
value facades this need is significantly reduced or even eliminated.
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Season U-value Qh Qc Qcond Quair Qint Qsol Qb
Winter 1.2 5 0 -22 -22 28 6 5
2.6 17 0 -37 -21 28 6 8
Mid-season 1.2 0 8 -22 -19 28 17 3
2.6 3 4 -35 -17 28 17 8
Summer 1.2 0 32 -17 -10 28 29 1
2.6 0 25 -27 -10 28 29 4

Table 8. Effect of U-value on heating and cooling demand in North facing offices when g = 0.5 under

the SC3 scenario

Season g-value Qh Qc Qcond Qair Qint Qsol Qb
Winter 0.3 5 0 -20 -22 28 11 -1
0.4 4 0 -22 -23 28 16 -3
0.5 3 1 -23 -23 28 21 -5
Mid-season 0.3 1 7 -19 -18 28 19 -3
0.4 0 11 -21 -19 28 27 -5
0.5 0 16 -23 -19 28 36 -7
Summer 0.3 0 26 -13 -10 28 22 -1
0.4 0 32 -15 -10 28 32 -3
0.5 0 39 -18 -10 28 43 -4

Table 9. Effect of g-value on heating and cooling demand in South facing offices when U = 1.2
W/m?K under the SC3 scenario

Table 8 shows a similar set of results for North facing offices. The biggest difference between these
two sets of results are the values of solar heat gains, Qs This is due to the difference in diffuse and
direct components of the total solar irradiation received by North and South facing offices. Although
this does change overall trends, North facing offices require more heating in winter but less cooling in
summer. The reduction in heating load due to the reduction in U-value is greater in North facing
offices than South facing ones. Moreover, in mid-season the increase in cooling load is less in North
facing offices than South facing offices. The net effect of these changes is that whereas a reduction in
U-value reduces energy demand in North facing offices the opposite is true in South facing ones.

(iii) The effect of g-value

The results in Fig. 9 show that lowering the g-value reduces the energy demand, irrespective of office
orientation. This measure results in greater savings in energy use than achieved by reducing U-value.
This is probably because offices in London generally require cooling and methods which reduce
internal heat gains appear to be more efficient at reducing energy usage. For example, Table 9 shows
the effect of g-value on seasonal energy demand in South facing offices assuming U = 1.2W/m?K.
Here it can be seen that there is a heating element in winter but at all other times there is only a
cooling requirement. Reducing the g-value reduces Qs and hence cooling demand. In summer, for
instance, this was found to be as much as 20kWh/m? for South facing offices. But it should be
remembered that any potential savings in cost should be offset against the higher cost of providing
low g-value glazing.

3.4 Scenario 4
This scenario investigates the effect of climate change on energy use in London office buildings
featuring high performance facades. The climate data used is the 2050 medium emission scenario, 50™

percentile, mentioned in CIBSE (2016). See Table 3 for further details of the assumed operating
conditions assumed in scenario 4.
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London Tmax(°C) Trin(°C) Ta(°C) S, (KWh/m?)
Winter 14.7 1.3 7.9 1467
Mid-season 19.2 3.2 12.2 4069
Summer 27.7 111 19.9 5932

Table 10. Seasonally averaged temperatures and solar irradiation values for London in 2050 (CIBSE,
2016)

Season U-value Qn Qc Qcond Quair Qint Qsol Qb
Winter 1.2 0 18 -22 -18 39 20 -2
2.6 4 9 -37 -18 39 20 1
Mid-season 1.2 0 45 -19 -10 40 39 -4
2.6 0 37 -29 -10 40 39 -2
Summer 1.2 0 69 -12 -1 40 45 -3
2.6 0 67 -16 -1 40 45 -1

Table 11. Effect of U-value on heating and cooling demand in South facing offices when g = 0.5
under the SC4 scenario

(i) London future climate data, 2050

Table 10 shows the outdoor seasonal maximum, Tmax, minimum, Tmin, and average temperatures, Tay,
together with the total daily solar irradiation values, S,, for London in 2050. The seasonally averaged
temperatures are predicted to increase by 1.1°C, 1.7°C and 3.1°C in winter, mid-season and summer
respectively. The solar irradiation is projected to be 22kWh/m? lower in winter, but 289kWh/m? and
531kWh/m? higher in mid-season and summer respectively.

(i) Annual trends

Fig. 10(i) and 10(ii) show the effect of U and g-values on annual energy demand for North and South
facing offices in London respectively. It can be seen that the trends are similar to those for scenarios 1
and 2, namely energy demand increases with decreasing U-value but decreases with decreasing g-
value. In general, the annual loads found in scenario 4 are higher than those in scenario 1.

(ii) Seasonal loads

A breakdown of the results for South facing offices assuming g = 0.5 and the U-value is either
1.2W/m?K or 2.6W/m?K is presented in Table 11. Here it can be seen that except in winter when U =
2.6Wm?K there is generally only a cooling demand, despite the fact that the average outdoor
temperatures are lower than those indoors throughout the year (Table 10). Thus reducing the U-value
increases energy demand.

Table 11 also show that there is an increase in energy demand from 13kWh/m? to 18kWh/m? in winter
when the U-value reduces from 2.6 to 1.2W/m?K. This is because of the reduction in heat loss due to
conduction via the facade, which eliminates the need for heating but significantly increases the need
for cooling and hence increases overall energy demand. This finding is similar to that for winter in
scenario 1. The higher outdoor dry-bulb temperatures in mid-season and summer increase energy
loads because of the greater need for cooling.

Table 12 shows the effect of g-value on annual energy demand for South facing offices. Here it can

be seen that lowering the g-value reduces energy load largely because of the reduction in solar heat
gains.
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Fig. 10. Effect of U and g values on annual energy demand in North and South facing office
under the SC4 scenario

Season g-value | Qn Qc Qcond Qair Qint Qsol Qb
Winter 0.3 1 13 -20 -18 39 11 0
0.4 0 15 -21 -18 39 16 -1
0.5 0 18 -22 -18 39 20 -2
Mid-season 0.3 0 33 |-15 -10 40 20 -1
0.4 0 39 -17 -10 40 29 -3
0.5 0 45 -19 -10 40 39 -4
Summer 0.3 0 54 -7 -1 40 23 0
0.4 0 62 -10 -1 40 34 -2
0.5 0 69 -12 -1 40 45 -3

Table 12. Effect of g-value on heating and cooling demand in South facing offices when U =

1.2 W/m2K under the SC4 scenario

4.0 Implications for Building Regulations and strategies for reducing energy use in offices

The results of this study show that the energy required for heating/cooling of office buildings is not
simply a function of U-value but is also related to a number of other factors including external
temperatures as well as solar and internal heat gains. The results further show that despite the fact
that average outdoor temperatures in the UK are always below design indoor values, cooling is
predominantly necessary in office buildings because of high internal gains. The provision of lower U-
value facades reduces conduction heat losses which in turn increases cooling demand and hence
overall energy demand. This agrees with the findings of the AECOM (2011) study which concluded
that U-values should not be reduced from the currently recommended value of 2.2 W/m?K in the UK
Building Regulations: Approved Document L2A (2016b). This would not appear to be true, however,
if internal heat gains are low. This finding may not also be true of countries or regions of the world
where outdoor temperatures are significantly lower than design indoor values for prolonged periods of
the year such as Estonia and Norway and/or regions which experience lower solar heat gains. This
was confirmed by carrying out similar simulations to those described for the UK but using the climate
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Fig. 11. Effect of U and g values on annual energy demand in North and South facing offices in
Caribou (Wang, 2018)

data for Caribou, USA. The results are shown in Fig. 11. Here it can be seen that in the case of north
facing offices, lowering the U-value reduces annual energy demand. In south facing offices this is
true only of facades with a g-value of 0.4 or lower. Facades with higher g-values will increase solar
gains which coupled with low U-values actually increases overall demand as indicated by the results
for facades with a g-value of 0.5.

While the decision to not lower the existing U-value for curtain walling in Approved Document L2A
would appear to be reasonable, the advice in Clause 2.39 suggests that the U-values in Table 3 should
be regarded as an upper limit and in reality facades with better fabric performance i.e. lower U-values,
will be necessary in order to achieve the target CO, emission rate (TER) as set out in the National
Calculation Methodology (NCM) modelling guide (BRE, 2016) and summarised in Table 5 of
Approved Document L2A. However, this appears unlikely given that this measure is liable to
increase energy demand rather than to reduce it.

Note 4 of Table 3 of LAZ2 states that in buildings with high internal gains the U-values can be relaxed
but should be no greater than 2.7 W/m2K. The results of this study suggest a similar trend. But
unfortunately the Regulations do not define the term high internal gains and more information on this
point would be helpful to designers.

The work presented in this paper suggests three possible strategies for reducing energy use in office
buildings, namely

e Reduce internal heat gains

e Specify low g-value facades

e Increase design indoor temperatures in winter.

As noted in Table 1 of the paper, the main sources of internal gains are occupants, office equipment
and lighting. Work by Jenkins (2009) suggests that the most effective way of reducing internal gains
in office buildings is via the provision of
o low-energy office equipment such as more efficient PC’s, low energy LCD screens, multi-
function machines for all printing/copying/scanning needs
e low energy (LED) lighting.

The author presented data which shows that such equipment could result in savings of peak internal
gains of around 60% by 2030. This compares with the 25% reduction in internal gains assumed in
scenario 3, and suggests that if the levels of reduction in internal gains indicated by Jenkins could be
assured the use of low U-value facades should reduce the energy required for heating and cooling.
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But it is worth remembering that the provision of low energy office equipment and lighting will
increase the upfront cost of commissioning and, if the experience of the Hong Kong Government is
typical, voluntary compliance is likely to prove challenging despite the promise of (future) reduction
in energy bills (Environment Bureau, 2007). It is also worth remembering that the reduction in
internal gains from these sources is likely to diminish over time as a result of improvements to
infiltration rates in office buildings as well as the effect of climate change.

The results of these simulations show that the use of low g-value glazing invariably reduces the
energy required for heating/cooling (Figs 3, 6, 9 and 10). But this study has not consider the effect of
g-value on lighting load, which can be comparable with the energy required for space heating/cooling
load for office buildings (Boyano et al (2013). Thus, although the use of low g-value glazing will
reduce solar heat gains it may well reduce the level of daylight entering the building, thereby
increasing the energy required for lighting. This is confirmed in a study by Fasi and Budaiwi (2015)
of a typical office building in Dhahran, Saudi Arabia who found that clear-glass double glazed
windows (U = 2.8 W/m? K and g = 0.7) required less lighting energy at all times of the year than
bronze tinted glazed (U = 2.6 W/m? K and g = 0.5) which in turn required less energy that low-E
double glazing (U = 1.9 W/m? K and g = 0.4). According to Hee et al (2015) the daylight penetration
is heavily dependent on the visible light transmission (VLT) properties of glass, which for the glazing
types investigated by Fasi and Badaiwi were, respectively, 74%, 47% and 44% and explains the
results obtained. Nevertheless, development in glazing technology mean that it is now possible to
specify glazing which has low g-values and high VLT values (Cuce and Riffat, 2015). But such
glazing is more expensive and will again increase upfront costs. In general, the UK Building
Regulations recommends a g-value of 0.68 for occupied spaces (Cl. 2.53), which would appear to be
conservative. In order to comply with the target CO, emission rate, however, the notional building
requirements is for glazing with a g value of 0.4 which is more reasonable. The results of this study
and indeed others (AECOM, 2011; Grynning et al., 2013) suggest that Building Regulations should
place more emphasis on this fabric parameter than perhaps is currently the case for office buildings
and similar.

The recommended design temperature for UK offices in winter is between 21-23°C and in summer
between 22-24°C (CIBSE, 2015). The fact that design temperatures are lower in winter than in
summer is somewhat surprising, especially given that energy use played no part in arriving at these
values (Nicol and Roaf, 2017), and appears to be partly related to the practice of wearing heavier
clothing during winter. Determining suitable values of design temperatures for thermal comfort in
buildings is a complex task as it requires consideration of a large number of factors including outdoor
climate, humidity, air movement, clothing insulation as well as the activity, age, gender and culture of
the occupants to the building (Nicol and Humphreys, 2002; CIBSE, 2013). Suitable values of design
temperature have been derived by carrying out comfort surveys on subjects in climate chambers and
analysing the results in accordance with either the ASHRAE or Bedford scales (Humphreys et al,
2016). However, this practice has been criticized in recent years by various authors on a number of
grounds including the range of conditions which subjects find comfortable in field surveys is much
wider than these indices predict (Nicol and Roaf, 2017). For example, work by Humphreys (1978)
suggests that European office workers are comfortable with temperatures in the range 17-28°C. The
results of the present study suggest that if the design temperature in winter was raised to the same
value as for summer this would reduce energy use in office buildings. The proposed change in design
temperature is well within the human comfort zone and, unlike reducing internal gains, would help
reduce energy usage and pollution at no cost.

5.0 Conclusions
The paper elucidates the effect of fabric parameters U and g, office orientation, long working hours,
low internal heat gains and future weather conditions on energy use for heating and cooling of office

buildings in London. Relevant guidance in the UK Building Regulations is reviewed and the merits
of a number of strategies for reducing energy use in office buildings are discussed.
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For U-values in the range 1.2-2.6 W/m?K and g-values in the range 0.3-0.5 it was found that:

Offices with internal gains of 33.7 W/m? experience an increase in annual energy demand
with decreasing U-value and increasing g-value, irrespective of office orientation, extended
working hours and future weather conditions.

Offices with internal gains of 25 W/m? experience almost a 50% reduction in annual energy
demand compared with offices with internal gains of 33.7 W/m2. Moreover, the annual
energy demand decreases with decreasing U value for all values of g in the case of north
facing offices but only when g = 0.3 in the case of south facing offices.

Despite the fact that average outdoor temperatures in London in winter are significantly lower
than the design indoor value, there is a cooling demand in office buildings with internal gains
of 33.7 W/m?, which increases with reducing U-value and decreases with decreasing g-value.

In all cases the annual cooling load is significantly greater than the annual heating load with
the result that (i) energy demand is highest in summer and lowest in winter (ii) lowering the
U-value increases energy demand because of reduced conduction heat losses.

Longer occupancy hours increase annual energy demand because internal heat gains persist
for a longer period of time which increases the needed for more sustained cooling.

Climate change will result in higher outdoor temperatures and solar irradiation levels which
respectively reduces conduction heat losses and increases solar heat gains, thereby giving rise
to higher cooling loads and hence higher annual energy demand.

The energy required for space heating/cooling can be reduced by lowering internal gains
and/or by specifying low g-value facades but these measures are likely to increase the upfront
cost of construction.

Increasing the design set point temperature of office buildings in winter to say 24°C is another way of
reducing energy usage and could be achieved at no cost.

Aspects of the UK Building Regulations where more guidance/information would be of benefit
includes (i) minimum recommended U-values in office buildings with high internal gains (ii) clear
definitions of low, medium and high internal gains (iii) greater emphasis on the influence of g-value
and the visible light transmission factor of glass on energy usage in office buildings.
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