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ABSTRACT
This paper describes the energy modeling of a
combined cooling, heating, cooling and power (CCHP)
plant system using an energy modeling tool EverGreen Building Energy Simulation Tool (EBEST).
The project is a large commercial building with mixeduse in a warm marine climate using a CCHP plant,
consisting of a micro-turbine and an absorption chiller.
EBEST was used to run simulations of the CCHP
systems with different turbine sizes and to compare
them with a variable refrigerant flow system and a
conventional chiller and boiler system.
The simulation results indicate that although the CCHP
system is energy-efficient and cost-effective for the
life-cycle costs in general, it does not fit the situation
discussed in this article, which has warm weather and
low space heating needs. The effects of different CCHP
turbine sizes on energy use and costs are also discussed
in this paper. Both modeling and theoretical thermal
balance equations were used to analyze the optimal
CCHP size.
This paper also demonstrates how to use energy
modeling to guide the project design to achieve optimal
energy performance and how to evaluate energy
performance according to the Green Building
Certification Institute (GBCI) Leadership in Energy
and Environmental Design (LEED) guidelines during
the design phase.

INTRODUCTION
Combined heat and power generates electricity and
useful thermal energy at or near project sites. It has an
overall energy efficiency of around 65-75%, much
higher than that of traditional separate power plants and
boilers, which is about 45% as a national average (DOE
& EPA, 2012). CCHP is considered a proven, clean,
and cost-effective approach to enhance energy
efficiency, reduce greenhouse and other emissions, and
maintain a robust energy infrastructure. Nevertheless it

is greatly underutilized in the U.S. and in most counties
in the world (IEA, 2008). One of the barriers to wider
adoption of CCHP is the technical hurdle, which means
that customers may not have the knowledge to compare
CCHP to other options and to calculate energy and
economic benefits of CCHP systems.
We conducted literature review on modeling of CCHP
systems and found that some articles discussed control
strategies for the turbine power generation using
mathematical models (Hannet 1993, Kola 1989).
Researchers also studied the modeling tools for system
operation and resource planning in order to optimize
economic benefits (Aringhieri 2003, Friis-Jensen
2010). Frankland completed a feasibility study on
CCHP using building energy modeling tools, EQuest
and EnergyPlus (Frankland 2013). However, there are
very few publications on how to compare various
design options and guide engineering decisions in realworld engineering design practices using energy
modeling tools.
Therefore, one of the major goals of this paper is to
demonstrate how to analyze a CCHP system in a realworld project by using energy modeling. The other goal
of this paper is to demonstrate how to use energy
modeling to compare design options and evaluate
energy performance for LEED applications.
The EverGreen Building Energy Simulation Tool
(EBEST) was adopted by the design team of this
project. EBEST is a building energy and economic
analysis software program based on integrated
sustainable building design principles. It orginated from
a building load calculation tool in 2000, and was
further developed with building energy use simulation
functions recently by a company in Shanghai, China. It
has many functions: building load calculation and
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equipment selection, building annual energy use
analyses, LEED energy performance assessment and
documentation, carbon emissions and engineering
economics analyses, and design alternative
comparisons throughout design processes and entire
building life-cycles, from planning, design, and
construction to operations. It has calculation
capabilities for building envelope, lighting, plumbing
and HVAC, CCHP and renewable energy systems.
EBEST uses its own energy calculation engine, which
is based on public domain algorithms and widely
accepted industrial methods, such as ASHRAE toolkits
for building load calculations (Pedersen 2003), primary
and secondary HVAC system energy calculations
(Bourdouxhe 1999, Brandemuehl 1993), and
engineering references of DOE2, EnergyPlus and PV
Watts (DOE 2013). It uses a heat balance method for
thermal load calculations and energy simulations.
EBEST has completed engineering verification tests on
both the building envelopes and HVAC systems per
ASHRAE Standard 140. EBEST is commercially
available in China and has been used by the building
design industry there.

BUILDING DESCRIPTIONS AND DESIGN
OPTIONS
The Taizhou Commercial Building (TCB) project is
located in Taizou, Zhejiang Province, China. It has an
average temperature of 27 ºC (81 ºF) in July and 6 ºC
(43 ºF) in January. Chinese weather statistics indicate
that 50 ºF cooling degree days and 65 ºF heating
degree days for Taizhou are 304 and 2417 respectively.
Based on the climate categorization of ASHRAE
Standard 90.1 (ASHRAE, 2007), Taizhou falls into
Climate 3C: Warm-Marine category.
TCB is an office building with dining areas, conference
rooms, resting areas, activity centers, data centers, and
parking. It has three floors of common areas and 25
standard floors, with a total floor area of 40,400 m2
(434,704 sf). The owner wants this building to be
sustainable and is willing to consider energy efficiency
and renewable technologies such as LED lighting,
Variable Refrigerant Flow (VRF) systems, CCHP, solar
PV, etc. The owner is also interested in considering
LEED applications. The architects and designers were
clearly aware of the importance of system energy
performance to the sustainability of the entire project.
Therefore, energy simulation was adopted from early

design stages and was continually used to assist with
comparisons between different system options and
design decision-making throughout the entire design
process. This paper describes how the building energy
simulation tool assisted the design team in comparing
different system options and system capacities in the
design development phase.
After extensive discussion with the building owner and
research into available options, the design team came
up with a short list of sustainable features to consider at
this phase: a Variable Refrigerant Flow System (VRF),
LED lighting, and CCHP. As listed in Table 1, three
options are considered. The ASHRAE Case is
necessary, since it serves as the baseline for other two
options and also it allows the evaluation of energy
performance for LEED applications. In the VRF Case,
some LED lighting is adopted and VRF is adopted as
the HVAC system. These two technologies are
commonly used sustainable features in the design
industry in China. The CCHP Case considers LED
lighting and a combined cooling, heating and power
system.
Table 1. Design Options.
Design Options

S ystem Descriptions

ASHRAE Case

ASHRAE baseline building systems

VRF Case

LED lighting + VRV systems

CCHP Case

LED lighting + microturbine + absorption
chiller + centrifugal chiller

SIMULATION MODEL INPUTS
This section describes the energy model input
parameters, including climate, building envelope,
internal loads, HVAC systems, and energy rates.
A. Climate
The TCB building is located in Taizhou, China, which
has a warm-marine climate. For this modeling, the
Zhejiang Wenzhou 586590 EPW weather file was used.
EBEST calculated the annual temperature distribution
BINs as shown in Figure 1 below. Unlike commonly
available temperature BINs, these are specifically
produced for the building system operation schedule
specified in the project. The average Wet Bulb
temperatures for the temperature BINs are illustrated in
Figure 1.
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The receptacle equipment power density (EPD) for all
options are the same, that is, an average of 4.4 W/m2
(0.41 W/sf).
The building schedule for all options is the same and is
set up to operate from 6:00 a.m. to 7:00 p.m., Monday
through Friday, and from 6:00 a.m. to 1:00 p.m. on
weekends and holidays.
D. HVAC Systems

Figure 1. BIN Data Based on Building System Schedule
B. Building Envelope
For the ASHRAE Case, the envelope is modeled per
ASHRAE 90.1-2007, Table 5.5-4. (ASHRAE, 2007).
The roof U factor is 0.272 W/ (m2·K) (0.048
Btu/h·ft2·F), and the exterior wall U factor is 0.477
W/(m2·K) (0.084 Btu/h·ft2·F). The glazing Solar Heat
Gain Coefficient (SHGC) is 0.25 and the assembly U
factor is 3.4 W/(m2·K) (0.60 Btu/h·ft2·F).
For the VRF and CCHP Cases, a description of the
actual building envelope was used since LEED
certification requirements use the actual envelope and
systems specifications. The roof U factor is 0.63 W/
(m2·K) (0.111 Btu/h·ft2·F) and exterior wall U factor is
0.79 W/ (m2·K) (0.139 Btu/h·ft2·F). The glazing SHGC
is 0.22 and the assembly U factor is 1.65 W/(m2·K)
(0.29 Btu/h·ft2·F).

For the ASHRAE Case, HVAC systems are based on
ASHRAE 90.1-2007, Appendix G, Table G.3.1.1B,
System 7, Variable air volume (VAV) system with
reheat, chilled water for cooling and hot water fossil
fuel boiler for heating (ASHRAE 2007). Chilled water
is supplied from centrifugal chillers.
For the VRF Case, the variable refrigerant flow system
is used. There are multiple split DX systems for cooling
and heat pumps for heating. No central plant is
included.
For the CCHP Case, the system is modeled as a
Variable Air Volume (VAV) system with reheat,
chilled water for cooling, and hot water for heating.
Chilled water is produced by a one-stage absorption
chiller and centrifugal chillers. The absorption chiller
uses the steam from the microturbine generator; it
needs natural gas when the thermal heat from the
generator is inadequate. Centrifugal chillers use
electricity from either the generator and/or the grid. The
hot water for space heating is also produced from the
thermal heat from the microturbine generator, but it has
secondary priority compared to the absorption chiller.
If the thermal heat from the microturbine does not
satisfy the hot water needs, a natural gas boiler kicks in.
E. Energy Rates

C. Internal Loads
For the ASHRAE Case, internal loads are based on
ASHRAE 90.1-2007, Table 9.5.1, Building Area
Method, and the Lighting Power Density (LPD) is 10.8
W/m2 (1.0 W/SF) (ASHRAE, 2007).
For the VRF Case and CCHP Case, the average LPD
for the proposed design is 8.8 W/m2 (0.82 W/sf),
considering LED is adopted. No detailed lighting plan
has been laid out at this design stage, so for this
modeling, 18% of the lighting load reduction is
estimated.

The local electricity rates are based on the time of use
with the average cost of $0.98 CNY ($0.16 USD) per
kWh. The average gas price is $0.35 CNY ($0.056
USD) per kWh, the equivalent of $1.64 USD per
Therm. The cost of electricity is more or less the same
in both China and the U.S., , but gas is more expensive
than in the U.S. Both these energy rates were set up in
EBEST, so the costs of electricity and natural gas could
be directly calculated in the simulations.

SIMULATION RESULTS AND
DISCUSSION
From mechancial design calculations (not included in
this paper), we know that the base cooling load for this
building is about 190 kW and it occurs in February.
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Considering the absorption chiller capacity should be
lower than the base load, we chose its cooling capacity
to be 150 kW. The remaining cooling load will be
covered by centrifugal chillers.

is 80% but reaches 95% during normal weekday work
hours.

The control sequence in the modeling was built such
that the absorption chiller has the highest priority and
operates whenever there is a cooling call. If the
absorption chiller cannot meet the cooling requirement,
the centrifugal chillers will start to pick up the
remaining load.
At this point, we still do not know what microturbine
size is suitable. We estimated a size of 200 kW for the
first trial. The simulation results of this trial are
discussed in the first part of this section. In the second
part of the section, we report on the results of trying
different microturbine sizes and discuss how these
would impact energy usage and cost. In the third part of
this section, we investigate the optimal microturbine
size by means of simulations and theoretical analyses.
A. Simulation results of a CCHP case with a 150 kW
absorption chiller and 200 kW microturbine

Figure 3. Occupants’ schedule on week days.
Table 2 lists the annual energy usage and the costs for
end users, including lighting, heating, cooling, heat
rejection, fans, equipment, pumps, CCHP, and others.
The significant energy users are lighting, cooling, and
equipment (in general, it is for equipment connected to
receptacles). As shown in the table, the microturbine
generated 865 thousand kWh, which is about 62% of
the total building electricity usage. The site energy and
source energy use are also calculated in the table by
using conversion factors. Three is a common ratio for
site electricity to source energy conversion, which
reflects average power generation efficiency at largescale utility plants without significant waste heat
recovery. A conversion factor of 1.03 is used on the gas
side to take into account gas generation and distribution
of energy consumption at gas utilities.
The costs of electricity and natural gas are summarized
in Table 2. As can be seen, the energy cost savings for
microturbine in this model is about $133,000 CYN
($21,000 USD).
Table 2. Annual energy use and costs.

Figure 2. Hourly loads on the cooling design day.
Figure 2 shows the hourly loads on the cooling design
day, including space sensible and latent load and the
system temperature rise. The hourly loads start at 6:00
a.m. and end at 8:00 p.m., because the system operation
schedules are set up this way according to the expected
building schedule. The maximum system cooling load
is reached around 3:00 or 4:00 p.m. and is about 1600
kW. The space cooling load has a dip at noon, because
the lighting, equipment and occupant loads are lower
due to the lunch hour. The variations of the load are
described in the various schedules in the model. For
example, the screen shot of occupants’ schedule in the
EBEST tool is shown in Figure 3. Occupancy at noon

End Users

Total Site
Natural
Electricity
Energy
Gas (kWh)
(kWh)
(kWh)

Lighting
465,562
465,562
Heating
1,017
1,017
Cooling
579,978
579,978
Heat Rejection
22,386
22,386
Fan
95,931
95,931
Equipment
231,332
231,332
Pumps
3,303
3,303
Others
611
611
Microturbine (865,800) 2,886,000 2,020,200
Summary
533,303 2,887,017 3,420,319

Total
Natural
Source
Total Cost
Electricity
Gas Cost
Energy Cost (CNY)
(CNY)
(CNY)
(kWh)
1,396,685
594,201
594,201
1,047
342
342
1,739,935
740,233
740,233
67,158
28,571
28,571
287,794
122,438
122,438
693,995
295,251
295,251
9,909
4,216
4,216
1,832
779
779
375,180 (1,105,030) 971,832 (133,198)
4,573,535
680,660 611,081 1,652,834

Figure 4 shows the electricity peak demand in July. The
demands for all end users are included and are summed
in the figure. The maximum demand is around 680 kW
and occurs around 4:00 p.m. The significant demand
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contributors are lighting, cooling, fans, and equipment.
Considering the microturbine electricity generation
capacity is 200 kW in this run, the peak demand should
be 480 kW.

Figure 4. Electricity peak demand in July.
B. Comparison and Discussion of All Design
Options
EBEST is used to run all three design options, as
described in Table 1. For the ASHRAE Case and VRF
Case, each one has its own case file. For the CCHP
Case, the size of the absorption chiller is set up as
150kW, but the capacity of the power generation
turbine varies from 10kW to 250kW, with several
interval sizes in between. In total there are eight
different microturbine sizes for the CCHP Case.

Figure 5. Site electricity, gas and total energy usage for
each design case
Figure 5 clearly shows that the VRF Case uses the least
site energy compared to the ASHRAE baseline and any
CCHP system. As expected, the amount of gas usage
significantly increases for the CCHP system, since the
microturbine uses gas to generate electricity. For the
CCHP system, the larger the power generation
capacity, the higher its total site energy use.
As both local electrical and gas rates are built into all
the models, EBEST also calculated electric and gas
energy costs. Electric, gas and total energy costs were
calculated and plotted in Figure 6 below.

Similar to the results shown in Table 2, annual energy
use and energy costs have been calculated for each
case. Figure 5 depicts electricity, gas and total site
energy use for each case. The common energy unit
kWh is used for both electricity and gas as shown in the
figure.

Figure 6. Electric, gas and total energy costs.
Despite the decrease in electrical energy costs, the more
significant increase in natural gas costs slowly raises
the total energy costs for all CCHP cases. All the
CCHP cases are well above that of the VRF system.
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Energy performance in the LEED certification is
evaluated in terms of energy cost savings. Figure 6 also
shows the energy cost savings compared to the
ASHRAE baseline for all cases.
Figure 6 indicates that the VRF design option has the
lowest energy cost, and its total energy cost was
reduced by 18% compared to the ASHRAE baseline.
This is equivalent to 4 points in the LEED application
(USGBC, 2008). However, none of the CCHP systems
reduces total energy costs, no matter how the
microturbines are sized. The CCHP with 10 kW turbine
has similar energy costs to the ASHRAE baseline case.
Although LEED system uses the energy costs to assess
building energy performance, source energy use is a
different perspective from which to evaluate a system's
environmental impact. The source energy use for this
project was converted from the site energy
consumption with conversion factors of 3 and 1.03 for
electricity and natural gas, respectively.
Figure 7 plots the calculated source energy use for
different cases. All the CCHP cases consume less
source energy than the ASHRAE baseline, although
they have higher site energy as shown in Figure 5. This
verifies that CCHP has decent overall energy
efficiency, as stated in numerous publications. The
absorption chiller and space heating take advantage of
free waste heat from the power generation turbine, so
the overall energy utilization efficiency of the CCHP
system should be improved compared to the system
using traditional electricity delivered by the utility grid.

caused by many factors, such as climate, building
heating and cooling load profiles, local utility rates, etc.
As discussed above, this project site is located in a
warm marine climate. It has some cooling load but does
not have much heating load, so the thermal heat
generated from a microturbine cannot be well utilized
for space heating in this situation. The cost of natural
gas is significantly higher than most places in the U.S.,
which discourages CCHP cost savings.
C. Analyses of Optimal Microturbine Sizes
When looking at Figure 7, we unintentionally observed
that the total source energy curve of different
microturbine sizes looks like a parabolic curve, with a
low extreme point. This eludes to a possible optimal
microturbine size given the constant size of the
absorption chiller.
As we previously described, in all CCHP cases, a small
absorption chiller with a capacity of 150kW was used.
The microturbine sizes vary from 10kW to 250kW in
all CCHP cases. Figure 8 plots two relationships: the
green curve shows the total source energy over
different microturbine sizes and the red curve shows
the natural gas usage of the absorption chiller over
microturbine sizes. The green curve is the enlarged
parabolic curve that we discussed in Figure 7. As
shown in Figure 8, this green curve bottoms at the
approximate microturbine unit size of 180kW, while
the corresponding red curve touches the zero line and
goes flat afterwards.

Figure 7. Source electric, gas and total energy use.

Figure 8. Total building source energy use and
absorption chiller natural gas use for CCHP systems
with various turbine sizes.

Figures 5, 6 and 7 show that the CCHP system is less
energy efficient than the VRF system in terms of site
energy, energy costs, or source energy. This could be

As the size of the microturbine unit increases, more
thermal heat is produced and becomes available to the
absorption chiller. If the thermal heat is not adequate
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for the absorption chiller, additional natural gas will
will be needed in order to meet the demand of the
absorption chiller. As the microturbine size increases to
180 kW, the thermal heat is just enough for the
absorption chiller, so the thermal heat is fully utilized
and the total source energy consumption reaches the
lowest value. As the microturbine size continues to
increase and the thermal heat is more than the
absorption chiller’s intake, the heat will be exhausted to
the atmosphere. Of course at this time, the absorption
chiller does not need any outside natural gas. Due to the
fact that some thermal heat generated by microturbine
is wasted, the overall system energy efficiency is
discounted.
The cooling efficiency of the absorption chiller is
generally lower than the equivalent source energy
cooling efficiency of electrically driven vapor
compression chillers. For example, the single stage
absorption chiller’s COP is around 0.8. The centrifugal
chiller’s COP is 5, which is the equivalent of 1.7 if
considering the source energy conversion factor of 3
for the electricity. The centrifugal source energy
efficiency of 1.7 is much greater than that of the
absorption chiller. Therefore, the absorption chiller is a
better choice than the centrifugal only when it uses free
heat from the microturbine. Once it starts to use natural
gas, it become less efficient in terms of overall system
efficiency.
In summary, we realize that the system has optimal
energy efficiency when the thermal heat needed by the
absorption chiller equals to what is generated by the
microturbine. Based on this statement, we established
thermal balance equations to determine the optimal size
of the microturbine unit theoretically.

Qcogen−avail =

Capcogen

η cogen−elec

Qabsor −demand =

⋅η cogen−thermal

Capabsor

η abs−cooling

Qcogen−avail = Qabsor −demand

(1)

(2)
(3)

where

Qcogen−avail is the available waste heat from the
microturbine unit;

Capcogen is the capacity of the microturbine unit;

η cogen−elec

is the microturbine electric efficiency(0.30

in the modeling);

η cogen−thermal

is

the

thermal

efficiency

of

the

microturbine unit(0.32 in the modeling);

Qabsor −demand is the heat demand of the absorption
chiller;

Capabsor is the capacity of the absorption chiller,
which is 150kW; and

η abs−cooling

is the cooling efficiency of the absorption

chiller(0.8 for the single stage absorption chiller in the
case)
Reformulating Equations (1) through (3) gives

Capcogen =

Capabsor
⋅η
η abs−cooling ⋅η cogen−thermal cogen−elec

(4)

With the inputs described above, Capcogen was
calculated at 175.8 kW, which is very close to the
optimal size of 180 kW determined from the modeling
study and observed in Figure 8. The good match
between the energy modeling results and the theoretical
analysis verifies the soundness of building energy
simulations.

CONCLUSION
This article demonstrates how to use the energy
simulation tool to compare different design options,
including ASHRAE baseline, VRF systems and CCHP
systems, with various microturbine sizes. It also
investigates the optimal microturbine sizes by means of
modeling and theoretical analyses.
This article shows that building energy simulation can
serve as a convenient and powerful tool to assist design
decision-making. It is also an essential tool for
evaluating building energy performance for LEED
applications.
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