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ABSTRACT

This paper examines the energy performance of a
district heating and cooling (DHC) system with gas
engine-driven refrigerating machine (GER) modelled
by the Life Cycle Energy Management (LCEM) tool.

The GER can supply chilled water, and an exhaust
heat recovery absorption refrigerating machine
(HRAR) can also produce chilled water by using hot
water as waste heat from the gas engine jacket water
cooler of GER.

In conclusion, assuming an installation capacity ratio
of 22% for the GER, a minimum partial load factor
of the gas engine of the GER and VWV (variable
water volume) water pump flow-control of 45% can
be achieved for the system, based on a simulation
using actual heating and cooling load data during
annual operation of a small -scale DHC facilities .

INTRODUCTION

Energy conservation is a critical global challenge. In
the development of heat source equipment in Japan,
priority has been placed on increasing the efficiency
of commercial-use air conditioning systems, but this
is becoming increasingly difficult to achieve. It is
therefore necessary to review the feasibility of
employing cogeneration systems (CGS), for example,
to utilize waste heat and thereby increase efficiency.
A gas engine-driven refrigeration machine (GER)
system is a good candidate for using energy
efficiently because it offers the advantages of both
CGSs and highly efficient refrigerators.

This research aimed to: (i) embody a GER system
and (ii) clarify its energy performance by using a
system simulation tool for making energy
assessments for specific periods. This paper focuses
on an area served by small-scale district heating and
cooling (DHC) facilities. A new model for the GER
and peripheral equipment are developed based on the
air-conditioning system simulation tool available
from Japan’s Ministry of Land, Infrastructure,
Transport and Tourism (LCEM tool Ver. 3.02), and
studied ways to optimize the capacity and operation
methods of the prospective GER system based on
load data obtained from small-scale DHC facilities.

ADVANTAGES OF THE GER SYSTEM

Figure 1 shows an overview of the system
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Figure 1 the overview of the GER system
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configuration: a GER and an exhaust heat recovery
absorption refrigerating machine (HRAR) arranged
in parallel. In the GER system, the refrigerator’s
compressor is directly driven by a gas engine to
produce chilled water. The waste heat in the jacket
cooling water from the gas engine is delivered to the
HRAR, which produces both chilled and hot water.

Figure 2 shows a simple comparison of the GER
system and the gas engine generator of CGS in terms
of total transmission efficiency of supplying
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generated electricity to an electric-driven high-
efficiency centrifugal chiller (ECC). In a GER
system, the engine power is directly transmitted to
the compressor, and so is expected to be approx. 10%
more efficient than a CGS+ECC system.

OVERVIEW OF SIMULATION MODEL

In this study, a GER simulation model based on a
free simulation tool for air-conditioning systems
(LCEM tool Ver. 3.02) provided by the Ministry of
Land, Infrastructure, Transport and Tourism (MILT),
was developed”?. Figure 3 shows an example object
and its data flow. The object is composed of
“Communication, Control, Method (calculation) and
Property (Specification)” sections. Each object
exchanges information with only the neighboring
objects on both sides. In this process, the objects
calculate the output(s) based on an energy balance
calculation. The calculation adopts a static simulation
and its time step is one hour.

Figure 4 shows (i) the overall diagram of the system
and (ii) the newly developed and added objects based
on the sample model of LCEM tool. One object is
represented by one box. The gray dotted area in the
figure represents the newly developed main objects
with expanded functionality.

The GER, which serves as the core of the system, is
prepared as a newly developed object. This model
has been designed to enable the refrigerator unit and
the gas engine unit of the GER to be analyzed
separately, and to simulate the mechanism that
physically links these two units by means of data
communications via an interface object. In addition,
(1) a new model of the engine-driven interface object
for data communications and (ii) a new multiple unit
controller object for ensuring integrated control of
heat source equipment have been developed.

DEVELOPMENT OF A GER OBJECT

A GER object was developed based on an electric-
driven centrifugal chiller object in the LCEM tool.
The configuration of the GER object and its
calculation flow are shown in Figure 5 and Figure 6,
respectively.

In developing the GER object, an application tool
was also developed for reflecting specific partial load
characteristics, etc. of the heat source equipment
units (which were subject to review) in the object.
The support tool is used as follows. First, the
operator checks the characteristic curve indicated in
the equipment catalogue and enters data in a table.
Based on the data, a regression formula of the
machine characteristics is generated automatically.
The calculated coefficients are then copied to the
object to reflect the characteristics.

The object was inserted between the cooling water
pump, chilled water pump, and interface of the gas
engine-driven compressor. The GER’s operation
signals were determined and transmitted by the heat
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source multiple unit control object. When the GER
was operated, the required output to the gas engine
was calculated and transmitted to the gas engine
object via the interface. The GER is turned off if the
required output to the gas engine falls below the gas
engine partial load factor. In the system simulation,
the GER operation status was determined by using
the required output to the gas engine as the reference
data during the convergence calculation. The
calculation results were used to determine the
number and order of heat source equipment units to
be operated.

Refrigeration machine load Qs [kW], partial load
factor of GER ¢ggr [-] and compressor input Eecomp
[kW] under the condition of operation can be
calculated by the following equations:

O =m (T,-T,) 7 M
G =9, /(Cl 'Qw) ..... ¥
C=a T, +b 3)
C, =a, 'qcmz 4by o tey T )
C,=a, .Td_mZ wbotey Ty, +e, )
Ewmp =C,-C,- Ewnw ..... 6)
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Figure 5 Configuration of the GER object

where m, is flow rate of chilled water [L/s], T ; and
T, .. are inlet /outlet chilled water temp. [C], O, is
rated refrigeration capacity of GER [kw], C;~Cj are
corrective coeff. [-], T, is inlet cooling water temp.
[)Cl, a; ~a3, b; ~b;s, ¢c;~c;3, are characteristic coeff.
specified by a characteristic test data from a technical
documentation[-] and E.,,,, is rated compressor
input of GER [kw]. It is considerd that the required
output from GER to gas-engine Ee [kW] is equal to
the compressor iutput of GER Ecomp. And then, the
COP of GER COPggg [-] and partial load factor of
gas-engine gqr be calculated as following equations.
Where Egg, is rated output of gas-engine [kW].

Eg =E

comp

COFypp = O,/ E

comp

96e = Emmp /EGE,r

ANALYSIS OF SYSTEM
CHARACTERISTIC

The LCEM tool is used to analyze the characteristics
of the GER system, CGS, and general gas heat source
system. Figure 7 shows the system diagrams of the
examined systems, and Table 1 lists their
components. This examination considered only the
cooling season. The system load factor was changed
within the range between 100% and 10% against the
design capacity of the heat source equipment units.

Regarding the thermal load conditions, the water
supply flow rate on the secondary side was calculated
to meet the heat load that needed to be handled,
based on the temperature difference of 5°C (7-12°C).
A constant speed pump was used for the heat source;
secondary pumps were controlled with a constant
pressure.
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Configuration of Examined systems
(1) GER system

The GER system consists of one gas engine-driven
screw refrigeration machine (GER), one GL, and one
gas-fired absorption refrigeration machine (AR). The
waste heat of hot water generated by running the gas
engine (GE) is recovered and recycled by a heat
recovery absorption refrigeration machine (HRAR).

The system was designed to operate the heat source
equipment units in the order of GER - HRAR >
AR to meet the thermal load on the secondary side.
The system was set to stop the GER and

preferentially operate the HRAR = AR if the load
factor of the GE was 0.5 or less. The LCEM tool
simulation model of the GER system is shown in
Figure 8.

(2) Co-Generation System (CGS)

The reviewed system consists of one HRAR and gas-
fired absorption refrigeration machine (AR). The
GER system was designed to stop the GE when the
GE’s load factor was less than 0.5. Likewise,
analyses were assumed that the GE in the CGS stops
when the power consumption of the entire system

falls below 50% of the partial load factor of GE.
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(3) Gas heat source system (ARS)

The reviewed system comprises three highly efficient
ARs.

System performance for Partial Load Factor (PLF)

The energy performance of respective systems was
evaluated using coefficient of performance of the
system (SCOP = cooling load / primary energy
consumption of the overall system). The SCOP of the
CGS is determined based on the equation below by
calculating the surplus power generation beyond that
consumed by the system:

SCOP = Ou e (10)
(GHRAR + G + Gy + GGE,uet )X Rg,HHV
ES " x3.6 e (11)
GGE,;wt =Gg; - —
Ne xRy 1y
E.\'pl.\' = Ege - Ec‘a]l ..... (12)

where Oy, is cooling load of consumers [kW], Gyg4r,
G 4r are gas consumption of HRAR, AR [Nm’], Ggg is
rated gas consumption of GE [Nm'] , 7, is rated
power generation efficiency of GE (LHV conv.) [-],
E,. is power generation of GE [kW] , E,, surplus
power generation of GE [kW], Ry puy, Rg iny are
higher, lower heating value 46.046, 40.63 [MJ/Nm’].

Figure 9 shows the SCOP results of respective
systems for different load factors and the operations
status of heat source equipment units are shown
immediately below the figures. Primary energy
consumptions are shown in Figure 10.

As shown in Figure 9, the GER system outperforms
the other two systems in terms of SCOP in the
middle to high load ranges in which the load factor is
50% or higher. In the GER system, only the GER and
HRAR are in operation in the middle load range. It
was found that the SCOP shows a significant
improvement due to the considerable advantages of
directly driving the refrigerator compressor with the
gas engine and recycling the gas engine’s waste heat.

The SCOP of the CGS is equivalent to that of the
GER system in the high load range (in which the gas
engine is operated), but is approx. 0.15 lower than
that of the GER system in the middle load range.

In the low load range, only the AR was operated in
all the systems, which led to almost the same SCOP.

ENERGY PERFORMANCE FOR DHC
SYSTEM

In this examination, to estimate the system
performance based on the heat load in actual
operation of a DHC plant, system simulations were
performed. The IM-DHC facility built for the
downtown area of Nagoya, Japan supplies energy to
three systems: two office buildings and one subway
station building.

The plant has a cooling capacity of 15.07 GJ/h. In
simulations, the following measurements are used as

load data of the DHC facility: (i) the circulating
water temperature at the customer, (ii) the circulating
flow rate, and (iii) the outside air temperature and
humidity.

OUTLINE OF THE SIMULATION

Figure 11 shows the basic configuration of the GER
system. The system comprises one GER, one HRAR,
and two ARs. The waste heat of hot water generated
by running the GER is recovered and recycled by the
HRAR.

The system was designed to operate the heat source
equipment units in the order of GER - GL - RHs,
preferentially operating the GER. The system was set
to stop the GER and preferentially operate the GL =
RH if the GE’s load factor fell below the minimum
partial load factor.

In the review, a case study was conducted by
changing: (i) the GER system’s capacity in the total
capacity of the DHC facility (= GER refrigeration
capacity / DHC plant’s maximum cooling load), (ii)
the GER’s minimum load factor settings, and (iii) the
primary chilled water pump control conditions
(constant or variable water volume: CWV, VWYV).

In the case study, to examine the GER system’s
capacity in the total capacity of the DHC facility
under different conditions, the GER system’s
capacity was set to 946 kW for the calculation; the
measured DHC load (specifically, hourly water
supply volume at the customer) was multiplied by 0.5,
0.75, and 1 in the IM-DHC area. Table 2 shows the
equipment capacities of the system.

When the GER starts partial load operation, the GE
also switches to partial load operation. It should be
noted that the GE’s overall efficiency decreases in
the low load operation range; for energy-efficient
operation, it is necessary to set an optimal minimum
partial load factor. Three GE minimum partial load
factors of 25%, 45%, and 60% were set.

Meanwhile, we considered that the heat source pump
control conditions affect the GER operation load
factors, and thus set the heat source pump to CWV
control (constant speed control) and VWV control
(constant pressure control) conditions. The energy
performance of respective systems was evaluated
using the coefficient of performance of the system
(SCOP = DHC thermal load/primary energy
consumption).

SIMULATION RESULTS

System simulations were conducted during the
cooling period from May 1 to October 31. Figures 12
and 13 show graphs of the primary energy
consumption (in descending order) for the system
under the CWV and VWYV pump control conditions.
Table 3 shows that the average SCOP for the period
is maximized when the GER system’s capacity in the
total capacity of the DHC facility is 22%. Meanwhile,
the average SCOP for the period is minimized when
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the GE’s minimum load factor is 25% under both
CWV and VWV pump control conditions. The
results reveal the existence of optimal GE load factor
settings.

Figure 14 shows the primary energy consumption
(build-up by usage) for the period in respective
review cases. Figure 15 shows the frequency of
attained SCOP (in descending order) under the VWV
pump control conditions. Figure 14 reveals that the
primary energy consumption is reduced by 12% and
9.8% when the GE’s minimum load factor is 45%
and 60%, respectively, compared with the primary
energy consumption when the GE’s minimum load
factor is 25%.

Based on the SCOP comparison in Figure 15, the
performance difference between the GE’s minimum
load factor settings of 45% and 60% is relatively
significant from the 2,000th to 3,400th hours (in
SCOP descending order). This difference is related to
the fact that, based on the comparison of primary
energy consumption (sorted by usage) during these
hours between the GE’s minimum load factor
settings of 45% and 60% (as shown in Figure 16), the
GER’s operation ratio is maximized when the load of
these DHC facilities is low, with the GE’s minimum
load factor being set to 45%.

The performance comparison under the CWV and
VWYV pump control conditions reveals differences in
the GER operation hours. Table 3 reveals that the
GER’s operation hours when the GER system’s
capacity in the total capacity of the DHC plant is
22% increase by approx. 55% and 104% at the GE’s
minimum load factors of 45% and 60%, respectively,
under the VWV pump control conditions compared
with the CWV conditions. Similar trends are
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Table 3 Total Operation hours of GER, Utilization rate of GE Exhaust Heat and Ave. SCOP

GER PEAK Multiple Num. Set of GE Total Total Utilization Utilization Primary Primary ave ave
Installation Cooling for Minimurn Operation Operation rate of GE rate of GE Energy Energy SCO-P SCOF
Capacity LOAD Actual DHC PLF [%] hours of GER hours of GER Exhaust Heat Exhaust Heat Consumption Consumption (VIV) )
rate [%)] [kw] Cooling LOAD i (VWV) [h] (CWV) [h] (VWV) [%] (CWV) [%] (VWV) [GJ] (CWV) [GJ]
25 3,761 3,761 67 69 8,738 9,629 0.73 0.66
44
(946KW) 2163 0.5 45 1,825 1,399 64 53 7,149 7,698 0.90 0.83
60 1,055 88 51 24 7077 1,775 0.90 0.81
25 3,761 3,761 61 62 11,294 12,201 0.81 0.75
29
(946KkW) 3245 075 45 2,363 1,723 55 44 10,238 10,894 0.93 0.86
60 1,232 738 46 41 10,317 11,504 0.92 0.84
1 25 3,761 3,761 63 64 14,379 15,540 0.86 0.79
22
(046KW) 4326 Actual 45 2,780 1,790 60 51 13,670 14,967 0.94 0.85
LOAD 60 1,701 832 49 45 13,785 14,948 0.92 0.82
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Figure 12 System diagram of examined system (CWYV)
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Figure 13 System diagram of examined system (VWV)
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Figure 15 SCOP sorted in descending order (VWV)

observed at different percentages of the GER
system’s capacity in the total capacity of the DHC
facility.

The energy-saving performance is maximized when
the GER system’s capacity in the DHC facility’s total
capacity is 22% and the GE’s minimum load factor is
45% under the VWYV pump control conditions.

CONCLUSION

In this research, author examined ways of optimizing
the capacity and control methods of the prospective
GER system using the LCEM tool. A review of
existing DHC facility revealed that the energy-saving
performance is maximized when the GER system’s
capacity in the total capacity of the DHC facility is
22% and the GE’s minimum load factor is 45%,
under the VWV pump control conditions.

It should be noted, however, that the results depend
on diverse factors including the load patterns at
customers that require heat supply services, types and
specifications of backup heat source equipment units
to be employed, and allocation of units. Therefore,
simulations are useful for optimizing the plant design
and assessing the effectiveness of renovation.

We analyzed the energy-saving potential of a next-
generation energy system which is not commonly

Figure 16 Total primary energy cons. of
from 2,000th to 3,400th hours (VWV)

used in Japan. We used an LCEM tool that can
simulate any component of a system, and used
measurement data, etc. as boundary conditions for
calculations without restriction.

The developed program will be useful for designing
new facilities and renovating existing plants. In this
study, analyses were conducted under the assumption
that a GER and a heat recovery absorption
refrigeration machine are configured in parallel, but
they may be configured in series in other cases. In
future, it will be necessary to develop models for
different system configurations and to compare their
performance.
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