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Abstract
To improve the energy efficiency of a building, a variety of energy retrofitting measures (ERMs) could be applied. By using
simulation models such as eQUEST, the effect of each ERM can be estimated separately or as a whole. In this paper, an
integration of a photovoltaic (PV) system and a combined heat and power (CHP) generator in an educational building located
in Dayton OH was designed to conserve the energy consumption and reduce carbon dioxide emission, using eQuest and Homer
models. Furthermore, some ERMs including, enthalpy wheel, natural ventilation, daylighting and overhang were adopted to
the model to explore the optimum energy saving solution. The results showed that the PV-CHP integrated system with the all
ERMs, might lead to a 32.5% reduction in the total energy consumption and annual carbon dioxide emissions. Besides, the
total annual bill toward the retrofitting options was reduced up to 54%. The Homer model showed that 46% of the heating load
of that building should be supplied by the CHP system and a standalone boiler may cover the rest. The investment required for
applying the ERMs and the PV-CHP integrated system was $225,500 and the payback was 5.8 years.
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1. Introduction
Nowadays, the global energy demand and CO2 emissions are
growing increasingly. Fossil fuels, as the major source of
energy, are depleting. Therefore, increasing of the energy
consumption and decreasing of the energy resources have
made a critical situation for future of the energy supply [1]. It
shows the vital role of energy saving and energy efficiency
improvement on reduction of the energy demand and CO2
emissions.

* Corresponding author
E-mail address: abtinataei@gmail.com (A. Ataei)

Residential and commercial buildings are responsible for
41% of the energy consumption in the United States. In
addition, 33% of the total worldwide greenhouse-gas
emission is generated from buildings [2]. Therefore, adopting
energy efficiency measures has become more important in
aspect of designing a building [2]. Recent global trends
emphasize implementing energy policies to improve the
energy efficiency and to decrease the total energy
consumption to achieve low carbon buildings. The U.S.
Department of Energy's (DOE) Building Technologies
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Program has adopted the goal of making zero-energy
commercial buildings (ZEBs) marketable by 2025 [1,2].
Various level of numerical simulation tools are considered to
improve the building energy efficiency and assess the
feasibility of application of photovoltaic (PV) systems and
combined heat and power (CHP) generation in buildings.
Diverse array of building energy simulation tools such as
EnergyPlus [3], eQuest [4], DesignBuilder [5], DOE2 [6],
ECOTECT [7] and OpenStudio [8] have been developed and
used for improving the energy efficiency of buildings.
Greenberg et. al. [9] presented the model of Sustain as a
novel interactive graphical interface to simulate and analyze
the energy consumption in buildings. Drury et. al. [10]
compared the features of many building energy simulation
programs. Tsun Ke et. al. [11] examined the impact of energy
consumption parameter changes on the total energy
consumption of an office building by applying International
Performance Measurement and Verification Protocol
(IPMVP) and eQuest model. They concluded that the lighting
power density has a significant impact on the energy
consumption. Zhu [12] used eQUEST to examine different
methods of energy savings on a sample building and evaluate
the building energy consumption. An existing hotel in Tianjin,
China, was investigated by Xing et al. [13]. The results
showed that internal loads have the greatest impact on the
accuracy of the model followed by the occupancy rate and
Coefficient of Performance (COP) of the cooling systems. Li
et. al. [14] used DOE 2.1 model to show a possibility of 9.3%
energy conservation by optimizing the daylighting in an
office building. Chidiac et. al. [15], by using EnergyPlus,
investigated multiple Energy Retrofitting Measures (ERMs)
such as heating efficiency, infiltration, lighting load for three
different buildings. They concluded that in most cases,
combination of multiple ERMs would not result same to the
sum of the individual ERMs.
Heat and electricity are the major energy needed in
commercial buildings. In most cases, the heat and electricity
are supplied by utility companies. However, on-site heat and
electricity production might not only provide the energy
demand in buildings in an economical way, but also it could
make a possibility to export the excess energy.
Recent studies suggested PV systems and CHP generators for
on-site production of heat and electricity in buildings [16-28].
Lee et. al. [16] considered a Building Integrated PV (BIPV)
system for a zero energy building with the capacity of 105
MWh which could supply not only the total energy
consumption but also it can produce an extra electricity.
Angrisania et. al. [17] accomplished an experimental analysis
on a heating, ventilation and air conditioning (HVAC) system
in conjunction with a natural gas-fired micro-CHP. Giffin [18]

concluded that the CHP system is much more efficient and
cost-effective than the conventional power supply, if it uses
the natural gas as the main fuel. Entchev et. al. [19] analyzed
a ground source heat pump (GSHP) CHP system for a
commercial building.
In this study, eQUEST as a well-known building energy
model, is used to estimate the energy consumption of a 4story educational building in Dayton, Ohio, as the baseline
model. Then, some retrofitting measures were applied to the
baseline model to examine the low cost ERMs to reduce the
total energy demand. An integration of a PV system and a
CHP generator (PV-CHP) was suggested to supply the energy
demand. To explore the optimal configuration for the on-site
heat and power generation system, the model of Homer [29]
was employed. Homer analyzed all scenarios through its
optimization and sensitivity analysis algorithms and
suggested the best economical scenario for configuration of
the on-site heat and power generation system.
The present paper differs from the similar studies in that it
was attempted to make a connection between eQUEST and
HOMER models to explore the optimum scenario for the PVCHP integrated system with consideration of ERMs' effects
on the building's energy demand at the same time. Because
Homer model cannot simulate the energy performance of the
building and effects of the other retrofitting measures, the
building was simulated by eQUEST at the same time to
investigate the new energy consumption. Finally, the total
energy consumption and CO2 emission of the baseline model
were compared to those of the final situation.

2. Baseline Model Development
A 4-story educational building with area of 25,000 ft2 in
Dayton Ohio was modelled in eQUEST. In Dayton OH, the
weather condition is of mixed dry type the latitude and
longitude are 39.7594°N, 84.1917°W, respectively. The
building dimensions are 85ft x 73ft and the roof to ceiling
height is almost 13ft. The schedule is 8am to 5pm from
Monday to Friday. Hence, HVAC system starts at 7am and
stops at 5pm only in working days. Case assumptions are
given in Table 1.
Table 1. Assumptions for the baseline model.
Working hours in the educational building
The building shape
The HVAC system type
The humidity control type
Insulation of the roof and floor
Insulation of the external walls

A 10-hour shift
Square
Variable air volume
Active
R-25
R-16

All equipment is controlled by a central system which is
installed on the building roof and is responsible to support air
conditioning, heating and cooling of the whole area. The type
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of the system is variable air volume (VAV) including an air
handling unit (AHU), three chillers and a cooling tower. The
building has some integrated digital controllers which
currently manage the space temperature of the building. The
façades are of ordinary one which is common in Dayton. It
means the window wall ratio is 35%.
Firstly, the baseline model in eQUEST was developed (Fig.
1). In this step, there is no ERMs and it was assumed that
only the default system has been installed exactly according
to the case assumptions. It means only the existing envelope
and HVAC system were simulated. Then, the heating and
cooling loads were calculated. After performing the
simulation, electric and gas consumptions were computed by
the model. The results are shown in Fig.2.

Fig. 1. The baseline model of the educational building.

Fig. 2. Annual electric and gas consumptions before applying ERMs.

Fig. 3. Baseline monthly utility bills, in USD.
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Gas consumption estimated in eQUEST was in terms of BTU
which was converted to MWh. Therefore, total electric and
gas consumptions were 214.04 and 299.05 MWh,
respectively (Table 2). It should be noted that Ataei et al. [20]
concluded that for a sample commercial building, the
difference between eQUEST results and real electricity and
gas consumption bills are less than 3%. Hence, eQUEST
results could be trusted with an acceptable accuracy.

Natural ventilation is a passive method to supply and exhaust
the air through the space only by natural facilities. It means
no air moving equipment such as fans, electrical dampers is
required for ventilation. The pressure differences between the
building structure and the surrounding cause the natural air
flow which may result in indoor space cooling and
ventilation. Therefore, natural ventilation may reduce the
total energy cost since less energy is required to supply
outdoor air to the space [32].

Table 2. The baseline annual energy demand.
Annual energy consumption (MWh)
Electric consumption
Gas consumption
Total energy consumption

214.04
299.05
513.09

Since the climate condition is different in each month,
different monthly utility bills will be received. The minimum
and maximum rates belonged to August and December,
respectively. Fig. 3 shows the total annual utility bill across
all rates which equals to $71,384.
To simplify the model, it was assumed that the demand for
electricity is supplied only by the utility company's natural
gas fired power plant. Therefore, natural gas could be
considered as the sole source of the CO2 emissions for the
entire of the energy system. Based on the data given by the
US Energy Information Administration website [30], the CO2
emission factor for natural gas is 1.21 pounds of CO2 per
kWh. Hence, for 513.09 MWh of total annual energy
consumption, 281.61 tons of CO2 emission would be
generated per year.

3. Applying ERMs to the
Baseline Model
Before designing an on-site heat and power generator (based
on PV and CHP) to supply the energy demand in that
educational building, the following ERMs were adopted to
the building to reduce the total energy consumption. The
following ERMs were analyzed using eQUEST model. Then,
those were evaluated to achieve the impact of applying all
ERMs to the baseline model.
- Enthalpy wheel
The enthalpy wheel is a device that can recover the heat loss
through an air-to-air heat exchanger. The main idea of the
facility is to get both heat and moisture from the exhaust air
and use it for the fresh air entering the HVAC system.
Therefore, it can reduce the total energy consumption since
less energy is needed to make the inlet air meet the designed
criteria [31].
- Natural Ventilation

Fig. 4. The building model after applying the ERMs.

- Daylighting
Another suggested ERM is to optimize the daylighting to
reduce the electrical energy consumption used for lighting.
Daylighting is a free approach but it is limited. If the building
is designed correctly, energy can be saved not only by
reduction in the electrical lighting loads but also through
decreasing the cooling load and lowering its internal heat
gains. It means by applying daylighting measures in the
building, the operation efficiency of the building and its
occupants will be improved [33].
- Overhang
Overhangs and fins on the building's façade prevent direct
sunlight from shining into the building in the summer, thus
reducing the cooling load and preventing glare. The
projection of each overhang on the glazing is about 1 to 3 ft.
Ataei et. al. [20] showed that the best energy saving will be
on the depth of 3 ft for commercial buildings in Dayton OH.
Also, according to their model, only the southern
fenestrations need to be equipped with fins and overhangs.
- Sky Lift Roof
To make more air circulations and a better natural light, sky
lift roof is another passive measure. It is attached to the wall
framing and standard roof jacks [34].
- Results of the ERMs
The following ERMs were adopted to the eQuest baseline
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model and their effectiveness was estimated. Fig.4 shows the
building model with the improved façade .
Applying the enthalpy wheel and heat recovery.
Applying a natural ventilation for all zones.
Improvement of daylighting.
The overhangs were installed on the south facing windows.
Installing a sky lift roof.
Table 3. Annual energy demand after applying the ERMs.
Annual energy consumption (MWh)
Electric consumption
Gas consumption
Total energy consumption

199.35
175.79
375.14

The results of the eQuest model after applying those ERMs
are given in Fig. 5 and Tables 3 and 4. As seen, the ERMs
affected the electric and gas consumptions significantly. The
new total electric and gas consumptions are 199.35 and
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175.79 MWh, respectively. The new results indicated a 6.8%
saving in electric consumption, while 41.2% saving is
achieved in gas consumption which is a significant reduction
in fuel consumption (Table 3). The detail comparisons are
given in Table 4. Table 4 clarifies a 26.9% improvement in
total energy consumption of the educational building.
Table 4. Comparison between before and after applying the ERMs.
Annual energy
consumption
Electric consumption
Gas consumption
Total energy
consumption

Baseline
(MWh)
214.04
299.05

After applying the
ERMs (MWh)
199.35
175.79

513.09

375.14

Saving
6.8%
41.2%
26.9%

Fig. 6 demonstrates the total annual utility bill across all rates
after applying the ERMs. That is $65,504 which shows a 8.2%
saving. In addition, in this step, for 375.14 MWh of total
energy consumption, 205.89 tons of CO2 emission would be
generated which is about 27% reduction.

Fig. 5. Electric and gas consumptions after applying the ERMs.

Fig. 6. The monthly utility bill in USD after applying the ERMs.
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4. Designing an On-Site Energy
Generator

Following data was used as the input to Homer model to find
the optimal scenario for the PV-CHP integrated system:
Latitude information of the Dayton OH and the updated
data through the Internet.

- CHP
Generators are devices which produce electricity and release
heat as a by-product due to their structures and inefficiencies.
CHP systems can recover the waste heat to supply useful heat
in terms of hot water, hot air, hot oil or steam. It would be
environment friendly because of the much higher energy
efficiency [35].
- PV
A PV system is a facility which converts sunlight to
electricity. The PV system includes some PV arrays,
generator, inverters, wirings, etc. It can be connected to the
electricity network in case of being on-grid or equipped with
batteries and working independently in the mode of off-grid.
- PV-CHP integrated system
The new heat and electricity demand of the educational
building after applying the aforementioned ERMs can be
supplied by an integration of a PV and a CHP system which
is called PV-CHP integrated system. The optimum scenario
for the PV-CHP integrated system can be achieved by using
Homer model and the performance of that optimal scenario
can be estimated in detail by using eQuest model.

The monthly energy consumption and heating and cooling
loads for 24 hours of day in detail from the eQuest model
after applying the ERMs to the baseline model.
The all acceptable capacities for the PV, converter, batteries
and power generator were calculated by Homer model and
the optimal scenario for the PV-CHP integrated system was
determined. The optimal scenario is given in Table 5.
Table 5. The optimal scenario for the PV-CHP integrated system according
to Homer results.
PV Array
10 kW
Generator 1
15 kW
Battery
48 Batteries, 125Ah each
Inverter
10kW
Rectifier
10 kW
Dispatch strategy: cycle charging

Based on HOMER results, and to estimate the performance
of the PV-CHP integrated system, the building which was
equipped with the ERMs, including enthalpy wheel and heat
recovery, natural ventilation, daylighting, overhang and sky
lift roof and the optimal PV-CHP integrated system, which is
called the final situation, was modeled by eQUEST. The
results are given in Fig. 7.

Fig. 7. The electric and gas consumptions after applying ERMs and the PV-CHP integrated system.
Table 6. Comparison of the annual energy demand between the baseline and final situation.
Annual energy consumption

Baseline
(MWh)

Final situation (MWh)

Electric consumption
Gas consumption
Total energy consumption

214.04
299.05
513.09

193.14
152.81
345.95

Comparison
Value
20.9
146.24
167.14

Percent
9.7%
48.9%
32.5%
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The annual energy demand of the educational building before
and after applying the ERMs and the PV-CHP integrated
system (the final situation) was compared in Table 6. As seen,
the building electric consumption in the baseline and final
situation are 214.04 and 193.14 MWh, respectively. It means
the electricity consumption has been decreased by 9.7%
compared to the baseline model. Also, the gas consumption
in the baseline and final situation are 299.05 and 152.81
MWh, respectively. In this case, a noticeable reduction in gas
consumption was achieved which was about 48.9%. Finally,
comparing the total energy consumption of the baseline and
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final situation (513.09 and 345.95 MWh) shows a 32.5%
reduction.
Fig. 8 shows the total annual utility bill across all rates for
the final situation. The total annual bill across all rates of the
final situation is $32,924, compared to the baseline which
was $71,384, shows approximately a 54% decrease.
For 345.95 MWh of total energy consumption, 189.87 tons of
CO2 emission is generated which shows approximately 32.6%
reduction compared to the baseline. The CO2 emissions of the
baseline and final situation are shown in Table 7

Table 7. Comparison of the annual CO2 emission between the baseline and final situation.
CO2 emissions

Baseline
(ton)

Final situation
(ton)

CO2 emission decrease
Value

Percent

CO2 emissions because of the electric consumption

117.48

106.00

11.48

9.8%

CO2 emissions because of the gas consumption

164.13

83.87

80.26

48.9%

Total CO2 emissions

281.61

189.87

91.74

32.5%

Fig. 8. The monthly utility bill in USD for the final situation.

According to the results of Homer model, the total heating
load of the building should not be supplied by the PV-CHP
integrated system. Table 8 shows the fractions of thermal
loads supplied by the PV-CHP integrated system and the
existing stand alone boiler.

Table 8. Share of each thermal energy suppliers.
Thermal energy suppliers in the building
New CHP system
Existing stand alone boiler
Total

Supply fraction
46%
54%
100%
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According to the price of the components required for the
aforementioned ERMs and the optimal scenario for the PVCHP integrated system predicted by Homer and eQuest
models, the final situation needs investment of $225,500.
Therefore, the simple payback time is about 5.8 years thanks
to $38,460 annual energy saving.

5. Conclusions
Although many studies were conducted on designing and
optimization of PV and CHP systems' components in buildings,
no attention has been paid to integration of those systems with
consideration of ERMs' effects on the building's total energy
demand. Applying ERMs in the building will affect not only the
building's heating and cooling loads but also the power load
because of changing the lighting and solar heat gain ratio. That
may change the optimum structure of the PV-CHP integrated
system which is supposed to supply those loads in the building.
This study combined Homer and eQuest models to develop a
systematic approach to optimal design of the PV-CHP
integrated system to supply the power, heating and cooling
loads of the building which are directly affected by applying
the ERMs.
There are some kinds of ERMs which could be applied to a
building to save energy. The energy simulation models such
as eQUEST are appropriate tools to analyze the energy
performance of the building, before and after applying the
ERMs. In this study, some ERMs including enthalpy wheel,
heat recovery, natural ventilation, daylighting, overhang and
sky lift roof were applied to an educational building located
in Dayton OH.
After adopting the low cost ERMs to the baseline model, an
integration of a PV and a CHP system was suggested to
supply the energy demand. To find the optimal configuration
for the on-site heat and power generation system, the model
of Homer was employed. The Homer model examined all
acceptable capacities for the PV, converter, batteries and
power generator and the optimal scenario for the PV-CHP
integrated system was determined.
The results of the study showed the followings;
Applying the enthalpy wheel, heat recovery, natural
ventilation, daylighting, overhang and sky lift roof might
lead to 29.4% energy saving.
Adopting the optimal PV-CHP integrated system to the
building after applying the ERMs would result in 32.5%
decrease in the total energy consumption.
The total annual utility bill associated with the final
situation was $32,924. It showed about 54% decrease in
comparison with the baseline model ($71,384).

The comparison of the annual CO2 emissions between the
baseline and final situation showed a 32.5% reduction.
Applying the EMRs and the optimal PV-CHP integrated
system required investment of $225,500. The payback
time was less than 6 years thanks to $38,460 annual
energy saving.
The Homer model showed that in the optimal configuration
of the PV-CHP integrated system, 46% of the heat demand is
supplied by the CHP system and the rest should be provided
by the existing standalone boiler.
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