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Abstract
The mild U.K. climate makes many low-energy cooling systems both technologically and
economically feasible. In this study, EnergyPlus, the newest U.S. energy simulation program,
is used to evaluate the potential energy savings of several different systems for a recently built
building outside of London, U.K. Results from validation studies are briefly presented with
the conclusion that EnergyPlus provides sufficient accuracy for most energy simulation
applications. Systems evaluated include chilled ceilings, displacement ventilation, natural
ventilation, night cooling, and a traditional VAV system. Unusual features of the building
model are presented. Results show that systems that maximize free cooling from outside air
have the best energy performance, and that natural ventilation alone cannot provide yearround comfort in the building studied, but would be effective as part of a hybrid system.
1. Introduction
Many U.K. office buildings use traditional mechanical cooling systems. However, the
mild climate throughout the U.K. makes many alternative, low-energy cooling systems both
technologically and economically feasible. These systems often provide additional benefits
such as improved indoor air quality, which can enhance worker productivity.
The field of potential systems to choose from is enormous; case studies of buildings
using many different technologies are given in [1]. Some systems, such as sea or lake water
cooling, require special site conditions which are not always available. This study focuses on
systems that could potentially be applied at any site in the U.K. These systems include
displacement ventilation, chilled ceilings, traditional variable-air volume mixing systems,
night cooling, and natural ventilation.
Many simplified models have been developed to aid in the design of low-energy
cooling systems. Examples include a night cooling design tool [2], numerous design
strategies for natural ventilation [3], and a design methodology for chilled ceilings [4].
However, most models are only useful for a specific system, and their simplified nature can
give incorrect results if design parameters are outside of the region for which they have been
validated.
Energy simulation programs, however, are intended to model all energy flows within a
building on a more detailed level and predict annual building energy usage and indoor
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environmental conditions. Their detailed nature makes them more adaptable to modeling
nearly any building design. Although currently primarily used to evaluate a building design
when it is complete, energy simulation can be used as a powerful tool for both the
architectural and mechanical design of a building. Several researchers have demonstrated the
analysis of low-energy cooling systems by energy simulation, including chilled ceilings [5],
displacement ventilation [6], and natural and/or night ventilation [7, 8].
In this study, EnergyPlus, a new-generation energy simulation program released in
April 2001 by the U.S. Department of Energy [9], is used to evaluate the potential energy
savings of the systems presented above for a recently built building outside of London. The
energy usage of these alternative systems is compared to the predicted energy usage of the
building as built. The systems were selected both for their applicability to the U.K. climate
and the fact that they can be modeled in EnergyPlus. However, most systems still required
some changes to the EnergyPlus source code in order to be modeled appropriately.
We begin by providing a brief background on EnergyPlus and what differentiates it
from previous U.S. energy simulation programs. Because EnergyPlus is not yet in
widespread use, several validation studies have been performed to show both the validity of
the models used in EnergyPlus and the competence of the users; the results of one of these
studies is presented. Next the specific building and systems considered in this study are
described, followed by a description of the highlights of the EnergyPlus building model.
Finally, the results of the building simulation are compared to experimental data and the
performance of the alternative building systems is evaluated.
2. EnergyPlus and its validation
Development of EnergyPlus began in 1995 as an effort to combine the best features of
BLAST and DOE-2 and incorporate some other new features [10]. EnergyPlus uses a modular
program structure, which makes the code easy to understand and modify. The major
improvement in EnergyPlus over previous energy simulation programs is the integrated
solution of loads, system, and plant, allowing accurate space temperature predictions. The
solution is based on the heat balance technique referred to as the Predictor-Corrector Method
[9] and assumes that the room air is well stirred, providing a uniform temperature. The air
heat balance is then:
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(1)

dTz
= rate of energy storage in air
dt
The zone temperature derivative is calculated with a third order finite difference
approximation. The introduction of the zone capacitance term, Cz (dTz/dt), allows the zone
air temperature to vary. In previous heat balance-based programs, the left side of the heat
balance equation (1) would be zero. The basic strategy behind the Predictor-Corrector
Method is to predict the mechanical system load needed to maintain the zone air setpoint, then
simulate the mechanical systems to determine their actual capacity, and then recalculate the
zone air heat balance to determine the actual zone temperature.
The system input is component-based, allowing users to create many types of systems.
Considerable effort has been spent on implementing appropriate system controls, although it
should be noted that components are controlled using the “known” zone load, rather than
attempting to simulate actual control schemes such as proportional-integral control. Plant
equipment is also input and simulated with the component-based approach. Curved-based
models are currently used, but the modular code structure makes it easy to implement other
models as necessary [10].
Because of its somewhat recent release, EnergyPlus is not yet in widespread use and
requires experimental validation before it can confidently be used for building energy
simulation. Witte et al. [11] have performed a variety of analytical and inter-model
comparative tests and found good agreement with published results. In addition, the authors
have performed an additional set of validation tests in order to demonstrate both the validity
of EnergyPlus and the authors’ ability to model buildings correctly with EnergyPlus. Due to
limited space available in this paper, only the results from one of these tests are presented. A
complete report of all the validation cases can be found in [12].
The experimental data collected in the U.K. under the direction of the Building
Research Establishment seems to be the most complete dataset available and is widely used
for the validation of energy simulation programs [13]. This is referred to as the IEA
Empirical Validation study. Hourly temperature data was collected from several small test
rooms on the edge of an airfield 70 km northwest of London. The rooms, shown in Fig. 1, are
of lightweight, timber framed construction with a concrete slab floor elevated above the
ground. The rooms are tightly sealed to prevent infiltration. The roof space above each room
is vented. Each building consists of two identical rooms separated by a heavily insulated
wall. Data was collected for one room in each building.
Figure 2 shows the measured and predicted room air temperatures for an unheated,
double glazed room over a one-week period in May. The prediction matches the measured
room temperature very well. There is some slight overprediction of daytime peak
temperatures, but the error is within the error bounds due to input uncertainties given by [13].
Figure 3 shows the measured and predicted ceiling surface temperature for an unheated,
single glazed room. Again, the prediction and measurement compare very well except for
some slight overprediction of daytime peak temperatures. The accuracy of our predictions is
similar or better than those performed in the IEA study. We have had similar experiences
with other validation cases. Therefore, we conclude that EnergyPlus can be used to predict
building thermal performance with good accuracy.
Cz

3. Building and systems description
After finding good results from EnergyPlus for a number of validation cases, we have
further selected Building A, located on the BP Sunbury campus in suburban London, as an
example to explore the benefits of low-energy cooling systems in the U.K. Figure 4 shows an

3

overall view of Building A. This building was selected because the HVAC system is very
sophisticated and is meant to have low energy consumption. It therefore provides a good
opportunity for the evaluation of an actual, installed low-energy cooling system and the
comparison of this system to other potential systems.
Building A has three floors which all open to a central atrium. The net internal floor
area is 4800 m2. Note that throughout this study the floors are referred to by the European
numbering convention: ground, first, second (G, 1, 2). Figure 5 shows a general section of the
building. The building façade is nearly 100% glazing. The clerestory level provides daylight
to the atrium. Central mechanical equipment is located on the upper roof level, above the
atrium. Each floor has two major zones: north and south, which are separated by the atrium.
Each of these zones will be referred to as a half-floor plate. The location and number of
interior partitions varies from floor to floor. In general, the floor plan is very open.
Building A uses underfloor air displacement ventilation with chilled ceilings,
perimeter trench heaters, and perimeter chilled beams. Fresh air is supplied through many
small diffusers located in the floor, above a supply plenum. The air is extracted through the
ceiling light fixtures into a return plenum. The system supplies 100% outside air at a constant
rate during occupied hours at a temperature of 18°C. The ceiling is made up of chilled ceiling
panels that provide additional cooling. Chilled beams provide additional cooling near
perimeter windows to prevent overheating due to solar gains, particularly during summer
months. During winter months, trench heaters near the perimeter are used to overcome heat
losses due to conduction through windows and infiltration of outside air.
In order to compare the pros and cons of different low energy cooling systems, this
investigation considers a few alternative systems, such as displacement ventilation, mixing
variable-air volume (VAV), natural ventilation, and night cooling. The displacement
ventilation system is similar to the existing building system, except that the chilled ceilings
are not operated. Instead, the air supply rate is increased as necessary in order to maintain the
head level temperature at setpoint.
The VAV system is the all-air system most commonly used in modern office
buildings. The supply plenum is not used; instead the air supply is assumed to be overhead in
order achieve a well-mixed condition. The air supply rate is varied in order to meet the
cooling load. For the basic VAV system, the chilled beams are removed and the perimeter
cooling load is also met by varying the air supply rate.
Natural ventilation draws unconditioned outside air through building openings such as
windows without mechanical assistance. Finally, night cooling, where the system operates at
night to precool the building, can be used with any of these systems.
Note that two air-cooled chillers provide cooling to the chilled water loop, meaning
that free cooling to the chilled water loop is not available. Additional energy savings could be
achieved by installing cooling towers in order to obtain free cooling to the chilled water loop
for much of the year. However, cooling towers are generally not used in the U.K. because of
concerns with Legionnaire’s Disease. They are therefore not considered in this study, which
focuses on alternative space-conditioning systems and not alternative plant systems.
4. Building and systems models
Although EnergyPlus has very detailed models and many useful features, our study
found that important modeling assumptions must be made in order to deal with the real world
challenges encountered in simulating various systems for Building A. The highlights of our
model are presented here.
4.1 Basic Building Model

4

The use of perimeter heating and cooling systems in an open plan office presents a
modeling challenge. To account for these systems, each half-floor plate was divided into two
zones: central and perimeter, as shown in Fig. 6. The perimeter zone was chosen to extend
three meters in from all three exterior sides of each half-floor plate; this distance is sufficient
to capture all perimeter affects. Mixing of air between these two zones does occur. For
simplicity, the mixing rate is assumed to vary linearly, from 0 ach at an interzone temperature
difference of 0 K, to 14 ach (based on the perimeter zone volume) at a temperature difference
of 5 K. Beyond this temperature difference, the mixing rate is constant at 14 ach.
There is a supply plenum zone below the central and perimeter zones and a return
plenum zone above the central and perimeter zones for each half-floor plate, yielding a total
of four zones per half-floor plate and 24 total zones. The atrium is not modeled because air
flow visualization tests by smoke showed little interaction between the air in the atrium and
the rest of the building, and the internal and external gains and losses in the atrium are very
small compared to the remainder of the building.
Building A has fairly standard construction, with lightweight concrete floor slabs and
green-tinted, double glazed, low-e curtain walls. Both interior and exterior shading systems
are included in the EnergyPlus model. Exterior shading is provided by surrounding buildings,
roof overhangs, perimeter walkways, and photovoltaic panels on the southern façade.
Venetian blinds provide interior shading. The blinds in the model are set to close when solar
radiation levels on the window exceed some threshold, chosen from observations of occupant
behavior.
Building A was instrumented for long-term energy monitoring in January 2002,
providing the unusual opportunity to obtain lighting and equipment gains from measurements.
Data from February 2002 was averaged to obtain hourly load profiles for a typical weekday
and weekend day for each half-floor plate. Figures 7 and 8 show the hourly electrical
equipment and lighting loads for the typical weekday. The equipment load varies greatly
from zone-to-zone because of a highly variable equipment density. However, all equipment
loads are significantly lower than the 10-15 W/m2 typical for this type of building [14]. This
is because of the use of low-energy equipment throughout the building, particularly flat-panel
LCD monitors. The lighting load is more constant from zone to zone because the installed
lighting density is the same throughout the building. However, daylight-sensitive dimmers
and motion sensors control the lights and therefore create some load variation, particularly a
load peak in the evening after sunset.
The final internal gain, people, is more difficult to characterize. The maximum
number of people in each zone was estimated from the number of desks located in that zone.
A building-wide fractional occupancy schedule was estimated from the daytime equipment
load variation.
4.2 Existing Building Systems
The building as it is currently operated has many obvious opportunities for energy
savings. Therefore, two basic models of the existing building were developed. The first,
referred to as the Existing Building model, attempts to model the building as it is actually
operated. The second, referred to as the Improved Operations model, changes the operation
of the existing building systems to take of these obvious opportunities for energy savings.
Air supply rates for each zone were determined from measurements taken during
January 2002. Duct traverses were performed within the supply and return risers at each floor
level using a hot-wire anemometer. The total supply air rate is approximately 40 L/s/person,
which is much higher than necessary for a system intended to supply only fresh air. This rate
is used in the Existing Building model, but in the Improved Operations model and all
alternative system models, the minimum supply air rate for each zone is 10 L/s/person.
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In order to prevent condensation on the chilled ceilings, the supply air humidity is
controlled. The humidity ratio setpoint is 9 g/kg, which corresponds to a dewpoint 12.4°C.
The actual system is controlled by the air dewpoint; in EnergyPlus this type of control must
be based on the humidity ratio. The supply air temperature setpoint is 18.5°C after 8 a.m. and
21.5°C before 8 a.m.
Chilled ceilings, chilled beams, and trench heaters handle any additional heating or
cooling load. Chilled ceilings were modeled with the Hydronic Low Temperature Radiant
System available in EnergyPlus. Flow to the chilled ceilings throttles from zero to maximum
flow across a 1 K temperature range around the central zone setpoint of 25°C. Chilled beams
and trench heaters were both modeled with the Convective Water Baseboard Heater available
in EnergyPlus. Although it is called a heater, this component can perform cooling as well.
The perimeter cooling setpoint is 25°C and the heating setpoint is 20°C.
4.3 Displacement Ventilation System
The displacement ventilation model is very similar to the Improved Operations model.
Three major changes are made: the chilled ceilings are removed, the air system has a variable
airflow rate, and the displacement ventilation vertical temperature gradient model is used.
Although the chilled ceiling model is removed, the insulated ceiling panels remain in place
with the same physical properties as the chilled ceiling. The model simply treats the chilled
ceilings as if they are always off.
The minimum airflow rate for each zone is the same as in the Improved Operations
model, but the airflow rate in the central zones increases as necessary to maintain the head
level at setpoint temperature. The supply air rate in the perimeter zones remains at a fixed
minimum; additional loads in these zones are still handled by chilled beams and trench
heaters.
The supply air temperature for a displacement ventilation system is normally about
18°C. However, this system uses a supply plenum in which there is considerable heat gain,
especially during summer months. The air temperature can rise as much as 3°C within the
supply plenum due to heat gains from the raised floor. Therefore, a lower supply air setpoint
(for the air leaving the air handling unit and entering the supply plenum) was used during
warmer months so that the air leaving the supply plenum would be near 18°C. The supply air
setpoint was scheduled to reset annually: April through October, the supply air setpoint was
15°C for the entire day; November through March, the supply air setpoint was 18°C after 8
a.m. and 20°C before 8 a.m.
Finally, a displacement ventilation vertical temperature gradient model was used for
the central zone with this system. The perimeter zone is assumed to remain well-mixed
because the chilled beams would destroy any temperature gradient. A simple three-node
model, shown in Fig. 9, was used for the central zone. Existing nodal models from the
literature were used to determine the floor level air temperature, Tf, and the head level air
temperature, Th. The floor level temperature is determined from the model developed by
Mundt [15]:

θf =

Tf − Ts
1
=

m
c
Te − Ts
1
sys p ⎛ 1
⎜⎜ +
A ⎝ α r α cf

⎞
⎟⎟ + 1
⎠

where:
A
= floor area
αr
= radiative heat transfer coefficient from the ceiling to the floor
αcf
= convective heat transfer coefficient from the floor to the room air
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= supply air mass flowrate
= supply air specific heat

The head level temperature is determined from the model developed by Yuan et al. [16]:
Th − Tf =

0.295 Q oe + 0.132 Q l + 0.185Q ex
 sys c p
m

(3)

where
= heat from occupants, desks lamps, and equipment
Qoe
Ql
= heat from overhead lighting
Qex
= heat from the exterior wall and window surfaces and the transmitted solar radiation
The air supply rate is controlled to maintain the head level temperature at 25°C. The
integration of these nodal models into EnergyPlus introduces new difficulties with the
predictor-corrector solution method, because of the interdependence of the supply air rate and
temperature gradient. The solution involves introduction of new sub-iterations within both
the predictor and corrector steps. Full details of this solution method are given in [12].
Several variations on the displacement ventilation model were considered. A higher
humidity model was created with a supply air humidity ratio setpoint of 10 g/kg. There was
also some concern that the heat gains in the supply plenum partially resulted from heat from
the warm return plenum conducting through the structural floor slab, which is uninsulated.
An insulated floor slab model was created with a 25 mm layer of polystyrene insulation on the
underside of the first and second floor slabs. Finally, a model without the chilled beams was
considered. In the no chilled beams model, the perimeter airflow rate can increase above the
minimum airflow rate and is varied in order to maintain the setpoint of 25°C.

4.4 VAV System
The VAV system is identical to the displacement ventilation system except that the
supply air is introduced overhead. Note that although the supply plenum is not used, the
raised floor is still in place. The return air is still drawn through the return plenum. Because
the room air is well mixed, the air flowrate is varied to maintain the mean room temperature
at the setpoint of 25°C. The supply air setpoint follows the same seasonal reset schedule as
the displacement ventilation supply air setpoint.
Two variations to the VAV model were also considered. In the first, the chilled beams
are included, so that the perimeter air flowrate is always at the minimum and the chilled
beams provide additional cooling, as in the displacement ventilation system. The second case
relaxes the space humidity requirement, as was done with displacement ventilation system.
4.5 Night Cooling
Each of the three systems presented above can also be operated in a night cooling
mode, in which the air system is operated at night in order to precool the building. For all
three systems, the daytime system operation is unchanged from the cases above. At night, the
air system supplies a high flowrate of unconditioned, cool outside air to the central zone.
Night cooling operation begins at 11 p.m. and continues until normal system operation
begins at 6 a.m. At night, the system runs at a fixed maximum flowrate until a setpoint of
18°C is reached. The night cooling mode is only operable April through October; the normal
operating modes described previously are used November through March. For the VAV
system, which does not use the supply plenum, the raised floor was removed for the night
cooling model. Without the raised floor removed, there would not be any thermal mass
exposed to the supply air and there would be little potential for effective night cooling.
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Two different nighttime maximum air flowrates were considered. A higher flowrate
may help to further precool the building, but it also requires greater fan power. The higher
rate was 5 ach for each system. The lower rate was 2.5 ach for the existing building system
and 3.5 ach for the displacement ventilation and VAV systems; the slightly higher rate for
these two systems was necessary in EnergyPlus in order to allow appropriate peak daytime
supply air rates.

4.6 Natural Ventilation
The natural ventilation system is very different from the systems presented above. All
of the building systems discussed above are removed. The only conditioning of the building
is provided by naturally driven airflow through windows. Pure cross ventilation from one
side of the building to the other is assumed. The ventilation rate is calculated from the simple
large-opening equation:
 = C A 2Δp
(4)
V
air
D

ρ air

where:

= volumetric air flowrate through window
V
air
CD
= opening discharge coefficient
A
= effective opening area
Δp
= pressure difference between inside and outside

The pressure difference is calculated from meteorological wind speed Umet:

1
Δp = (C p,1 − C p,2 ) ρ air U 2met
2

(5)

where Cp,1 and Cp,2 are the surface-averaged pressure coefficients on the two primary facades.
These pressure coefficients at each floor level were determined for eight different wind
directions. A computational fluid dynamics (CFD) model of Building A and the BP Sunbury
campus was used to estimate the pressure coefficients. Linear interpolation is used to
determine the pressure coefficient for any given wind direction.
The discharge coefficient for the windows on each façade was assumed to be 0.6.
Again, a CFD model was used to estimate the internal building resistance and calculate an
internal discharge coefficient of 0.72, yielding an overall discharge coefficient of 0.26.
Controls on the natural ventilation rate have not been implemented. The open window area
was assumed constant, as if all operable windows are always open. This is acceptable for
evaluating summer conditions because in the mild U.K. climate, the outdoor temperature is
nearly always lower than the indoor temperature, so the maximum ventilation rate is desirable
throughout the day.
Three natural ventilation cases were considered. In the first, the building is left
completely unchanged from its existing configuration. However, the raised floors and
lowered ceilings in this case prevent any appreciable heat storage in the floor slab and
therefore limit the effectiveness of natural ventilation. Therefore, two additional cases were
considered: one with the raised floors removed, and one with the lowered ceilings removed.
Either of these actions partially exposes the thermal mass of the floor slab and increases the
potential for thermal comfort with natural ventilation.
4.7 Changes to EnergyPlus
In order to implement all of the above models, many changes were necessary to
EnergyPlus, including:
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Implementation of displacement ventilation vertical temperature gradient model
Implementation of simplified natural ventilation model
Modification of crossmixing model to allow variable mixing rate
Creation of new “crossover pipe” components to allow secondary plant loops (for
chilled beams, chilled ceilings, and trench heaters)
Modification of baseboard heater model for use as chilled beam
Modifications to air system models to allow for appropriate air distribution
Corrections to economizer control algorithm

Note that many of these changes were quite simple to make and were completed in a matter of
hours. Full details of these changes are given in [12].
5. Results of low energy cooling system analysis
This section first compares simulation results to experimental data obtained in
Building A as an additional validation of EnergyPlus and its ability to simulate a complex
building and its mechanical systems. This is followed by comparisons of energy
consumption, equipment sizing, and thermal comfort for the various low-energy cooling
systems.
5.1 Validation
Extensive instrumentation of Building A installed in January 2002 has provided
experimental data which can be used for a simple validation of the EnergyPlus Building A
model. This validation consists of a comparison of predicted central zone temperatures to
measured zone temperatures. Space temperatures in Building A were measured using
compact thermocouple dataloggers with an error of ±0.5°C. The average of three
measurements distributed evenly across the central zone floor area is taken as the zone
temperature. Simulations were performed with input weather data gathered from a weather
station installed on the roof of Building A.
Figure 10 shows predicted and measured space temperatures for the southern second
floor zone for a single week in February. The agreement is very good; the error is generally
less than 1°C with some exceptions to this agreement. The disagreements occur during
periods when the building system clearly remained active through the night or over the
weekend. For the week shown, the system clearly remained on during the Monday early
morning hours, Wednesday night, and during the day on Saturday, because the measured
temperature remains very stable over these periods. This indicates a malfunction in the
building control system and does not need to be included in the simulation.
5.2 Energy and Equipment Cost
Figure 11 shows the total annual energy cost for each mechanical system, normalized
with respect to the basic VAV system annual energy cost. Costs are calculated based on a 3:1
electricity to gas cost ratio. Several major observations can be made. First, the use of
appropriate minimum fresh air rates is essential. The existing building (without improved
operations) case, which uses 40 L/s/person, uses almost 5 times more energy than any other
system. Simply reducing the supply air rate to 10 L/s/person, as in the improved operations
case, reduces the total energy cost by a factor of 4.7. The improved operations case actually
has the smallest fan energy of any of the systems because the supply air rate is constant at a
small value.
Use of free cooling from outside air also provides significant energy savings. The
displacement ventilation and VAV systems both save energy over the existing building
because they can maximize free cooling by increasing the supply air rate, whereas in the
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existing building the supply air rate is held at a fixed minimum. Although these systems use
more fan energy, the difference is more than accounted for by the savings in chiller energy.
Night cooling is most effective for the VAV system, providing a 12% reduction in
energy cost. This is because the thermal mass is exposed directly to the occupied space in this
system, whereas it is only exposed to the supply plenum in the displacement ventilation and
existing building systems. The night cooling VAV system uses the least energy of all
mechanical systems studied. Night cooling does provide some small savings for the
displacement ventilation system but has no benefits for the existing building, which does not
use the air system for most cooling. Night cooling also has a significant effect on chiller size.
The peak chiller load is reduced by about 20% for both the displacement ventilation and VAV
systems when night cooling is used.
Insulating the floor slab to prevent heat transfer from the return plenum to the supply
plenum has very little effect on energy consumption, indicating that the majority of heat gains
in the supply plenum are from the raised floor above. Raising the humidity setpoint has the
expected effect of lowering the chiller energy slightly.
Although the displacement ventilation and VAV systems save energy over the existing
building, note that they do require much larger fans. The peak supply air rate for the
displacement ventilation system is 2.7 times greater than that of the improved operations
system, and the all-air VAV system peak flowrate is 4.5 times higher than the minimum
flowrate. This is the penalty these systems pay for using free cooling from outside air. The
peak flowrate is reduced by about 10% when night cooling is used.
5.3 Natural Ventilation and Thermal Comfort
Figure 12 shows the number of occupied hours that the average building temperature
exceeds a given temperature for each natural ventilation case. Removing either the raised
floor or lowered ceiling shifts the curve downward because the thermal mass of the floor slab
is exposed. This allows more heat gains to be absorbed by the floor slab during the day and
released at night. Eliminating the raised floor shifts the curve most because the direct sunlight
strikes the floor and can be directly absorbed by the floor slab when the raised floor is
removed.
Levermore et al. [17] present two criteria for evaluating thermal comfort within a
naturally ventilated building in the U.K.:

1. The temperature shall not exceed 25°C for more than 5% of the occupied year.
2. The temperature shall not exceed 28°C for more than 1% of the occupied year.
The occupied hours for Building A are 8 a.m. to 6 p.m. Monday to Friday, corresponding to
2600 working hours. 5% of the occupied year is 130 hours and 1% of the occupied year is 26
hours.
According to these criteria, sufficient thermal comfort is not achieved with this natural
ventilation system. The best case exceeds 25°C for 191 hours and 28°C for 40 hours.
However, the building is quite close to being within the comfort criteria. To achieve
acceptable comfort conditions, a mechanical system could be installed to provide cooling
during peak periods, while natural ventilation could be used for most of the year. This is
known as a hybrid ventilation system. An estimate of the energy use of such a system has
been performed and is discussed below.
5.4 Hybrid System
The energy use of a hybrid ventilation system has been estimated by dividing the year
into three seasons: natural ventilation, cooling, and heating. During the natural ventilation
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season, the mechanical system does not operate and no energy is used. During the cooling
and heating seasons, the VAV system operates, with night cooling during the cooling season.
The length of these seasons was determined with the no raised floor natural ventilation
model. Interior temperatures were found to exceed 25°C only between June 15 and August
31, so this was specified as the cooling season. To determine the heating season, the natural
ventilation rate was assumed to be controllable (by cracking windows) to provide the
minimum fresh air rate for each zone during occupied hours. With this ventilation scheme,
interior temperatures fell below 20°C between November 1 and March 31, so this was
specified as the heating season.
The energy use of the hybrid system is the energy use of the VAV system during the
heating and cooling periods. Figure 13 shows the annual energy use of this system compared
to the best cases of the other mechanical systems, normalized with the annual energy use of
the basic VAV system. The energy use of this system is 22% lower than that of the best
purely mechanical system (VAV night cooling) and 42% lower than that of the existing
building. Both the heating and fan energy are significantly reduced from the year-round VAV
night cooling case.
The estimate presented here represents an upper bound for the energy use of the
hybrid ventilation system, where the system is switched into a mechanical mode for an entire
season. An actual hybrid system might switch between mechanical and natural modes on a
daily basis
during the heating and cooling seasons, further reducing the system energy use. This type of
control has not been implemented in EnergyPlus and was therefore not simulated.
6. Conclusions
This study has achieved two primary goals:

1) Demonstrate the use of EnergyPlus and evaluate its ability to model a technically
sophisticated building.
2) Through this demonstration, compare the performance of several low-energy cooling
systems for an office building in the U.K.
Both small and full-scale validation studies have demonstrated that EnergyPlus results are
well within the accuracy needed for building design. In addition, EnergyPlus is a very
flexible program that allows users to create models ranging from relatively simple ones with
few inputs to detailed full building models that considers all aspects of a building’s operation.
The EnergyPlus source code is well written and organized, which allows specialized models
to be incorporated fairly easily.
For Building A on the BP campus near London, the study reaches the following
conclusions. First, the use of appropriate outside air supply rates is essential to minimizing
energy costs. Second, free cooling by ventilation with outside air is very effective in the mild
U.K. climate. The annual energy cost for displacement ventilation and VAV systems that use
free cooling is about 20% less than for the existing building, which uses a fixed minimum
supply air rate that does not take advantage of free cooling. Night cooling is also effective in
the mild U.K. climate. Night cooling is most effective for the VAV system, which does not
use a supply plenum and has thermal mass directly exposed to the occupied space.
Natural ventilation alone cannot maintain appropriate summer comfort conditions for
this building. Even if the raised floor is removed to expose additional thermal mass, the
comfort criteria fall slightly out of acceptable limits. However, a VAV system can be used to
maintain comfort during extreme periods. This type of hybrid system is the best choice for
Building A, using at least 20% less energy than any purely mechanical system.
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Fig. 1. IEA Empirical Validation test rooms
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Fig. 2. Unheated, double glazed room temperature
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Fig. 3. Ceiling temperature for unheated, single glazed room
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Fig. 4. BP Sunbury Building A
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Fig. 10. Second floor south measured and simulated zone air temperatures
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