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The study aims to discuss the characteristics of heat-to-power ratios for CHP (Combined Heat and Power) systems and to
understand the techno-economic impact on design and operation of CHP-based energy systems. The design procedure, subject
to energy storage and energy demand profiles is suggested in a systematic and integrated manner to determine the minimum
capacities of heat and power required and additionally to obtain any surplus or deficit of energy to be imported or exported.
Investigation is also made to improve the cost-effectiveness for the energy management of building by integrating industrial
waste heat and its use for the CHP unit. The case study is presented to illustrate how overall strategy for energy management
of CHP systems are heavily dependent on power-to-heat ratio of the prime mover and to demonstrate economic benefit of heat
integration between CHP-based building and an industrial site.
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Introduction with time, day and seasons, which requires systematic

operational management of CHP systems. The flexibility

Achieving net-zero emissions by 2050 is described as gained from cogeneration in CHP systems may not be
the world’s most urgent mission [1], which demands always favored because of practical limitations related
urgent and global commitment to cutting harmful to contractual obligations [5] or operational characteristics
greenhouse gases. Among wide ranges of measures to of prime movers. Energy storage is then introduced to
build carbon-neutral society, the preferential utilization balance energy demand and supply, with which peak
of sustainable technologies for distributed energy systems demand can be reduced and fuel can be saved. Thermal
have been widely introduced and operated. Combined energy storage is particularly important when energy is
heat and power (CHP) is widely regarded as a practical not continuously and steadily generated, for example
mean for supplying energy in an energy-efficient and using solar power [6]. The simultaneous use of thermal
cost-effective manner to a microgrid or district energy energy storage together with electricity storage systems
systems in distributed energy environment [2]. CHP is is more economic and environmental-friendly which
a proven and reliable option towards the achievement can have better flexibility and responsiveness in energy
of low-cost and sustainable reductions in CO, emissions demand [7]. CHP systems are designed with different
[3]. Recent study confirms the multiple benefits of mechanisms for cogeneration, including gas turbines,
CHP systems and increasing the share of CHP systems gas engines, fuel cells, steam turbines, etc., and their
leads to a considerable reduction of energy consumption operating characteristics and limitation are very technology-
by 13-16% of total power and 19-27% of total heat specific [8]. One of key aspects to be considered is the
production of Europe in 2050 [4]. heat-to-power ratio of a CHP unit, which can be useful
Although CHP systems is able to utilize fuel more for providing a holistic guidance for simultaneous heat
effectively through co-generation of electricity and heat, and power management based on CHP systems [9].
care should be taken in the design and operation of CHP However, this work focused on large-scale urban energy
systems due to the dynamic nature of energy demands. systems covering a number of cities. Therefore, this
Consumer’s demand for heat and electricity changes work aims to systematically consider the characteristics

of heat-to-power ratios of CHP systems for the application
e e author: of buildings. The consideration energy storage is simul-
T:ffefggg 2‘%3%3;{ tan§0usly made for the‘ sizing of CHP systems, wi‘th
E-mail: jinkukkim@hanyang.ac kr which the energy-efficient supply of energy and its
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storage is determined.

On the other hand, in order to fully appreciate
sustainable benefits of distributed energy systems, it is
necessary to minimize any waste heat from energy
producers or consumers which is currently discharged
without being recovered. There is considerable amount
of waste heat available from industries [9] and its
effective utilization within or beyond the industry can
be promising [10]. A cement plant is selected in the
case study, in which the utilization of waste heat is
collectively designed with CHP systems and the
economic benefits from integration of waste heat is
evaluated. A wide range of technical options for improving
energy efficiency in cement processing were listed with
the application of energy modeling and scenario analysis
[11], while multi-criteria decision-support tool was
developed to screen systematically different energy-
saving options [12]. The application of heat integration
method to the cement industry was carried out to assess
theoretical potential for energy saving and to provide
design guidelines for heat recovery systems [13]. The
integration of industrial waste heat recovery from a
cement plant for district heating network was previously
studied [14]. However, this study was limited to consider
only heat demand for consumers, without considering
electricity together. Hence, in this study, cogeneration
of heat and power is fully accommodated for the
targeting of CHP systems, subject to heat-to-power
ratio and demand profiles, with which the minimum
energy storage capacity is readily sized.

Understanding on Heat-to-Power Ratios of
CHP systems

A CHP unit is typically used for the supply of heat
and electricity to commercial or residential buildings.
A gas turbine or a reciprocating engine is often introduced
as a prime mover for the CHP system. A steam turbine
linked with a steam generator can be considered when
the large amount of steam supply is required. Recently,
energy supply from fuel cells is another alternative as
fuel cell can be operated quietly and has good part-load
performance [15].

Operating characteristics of CHP systems are strongly
dependent on technology-specific mechanisms to produce
heat and power. Such difference results in different
ranges for heat-to-power ratios (Ry.p), as illustrated in
Table 1. The CHP systems based on a reciprocating
engine is better suited to the case of high Ryp When
further heat supply is desired, CHP systems based on a

Table 1. Heat-to-Power Ratios of CHP systems

gas turbine can be considered. For the excessive supply
of heat required, CHP systems based on steam turbines
are to be selected. The ranges illustrated in Table 1
clearly imply that it is necessary to consider the heat-
to-power ratio for the sizing of CHP units and to
accommodate its impact on the operation of CHP units.

An example is considered here in order to gain
conceptual understanding with regard to the impact of
cogeneration and energy storage on distributed and
microgrid energy management. Hourly profiles of heat
and electricity demands for the building are given in
Fig. 1. This information is taken from January data of a
nursing home located in California, US, available in
the reference [19]. For this example, the maximum
recovery of heat and electricity through the storage is
assumed with no energy loss during storage and transfer.
This means that any surplus heat is accumulated in the
heat storage and reused for the next time interval
without being lost. The minimum capacity of heat
generation required is then determined by finding the
capacity such that overall summation of surplus and
deficit heat is set to be zero. The same procedure is
applied to find the capacity of electricity generation.
The profiles of heat and electricity storage, as shown in
Fig. 1(b) and 1(d), are inherently linked with the amount
of heat and electricity capacities targeted, as the
minimum generation of heat and electricity is based on
the full utilization of storage throughout the time
horizon. Additional capacity is to be added when heat
and electricity loss is occurred.

The capacity of heat generation given in Fig. 1 is in-
dependently determined without considering the capacity
of electricity generation, and vice versa. As shown in
Fig. 2, the heat-to-power ratio for this example is 1.11.
However, the CHP unit to be implemented is likely to
have different Ryp other than 1.11 Difference of Ry.p
between a desired value and an actual one results in
surplus or deficit in the energy storage, which should be
systematically considered for the energy management
of buildings.

In this study, the sizing of a CHP unit, together with
the operational management of surplus energy through
the storage follows the design procedure given in Fig.
3. The capacity of heat generation, rather than electricity
generation, is selected as the basis for the necessary
capacity of a CHP unit, because the fulfillment of any
deficit in electricity demand is relatively simpler and
more straightforward than fulfilling deficits in the heat
demand. Based on the heat demand data, the size of
CHP systems is determined, together with the size of

CHP Technology Reciprocating Engine ~ Gas Turbine Steam Turbine Miro-turbine Fuel cell
US DOE [16] 0.83 - 1.67 1-1.66 10 - 14.29 1.25-2 0.63 - 0.77
UK BEIS [17] 1-1.7 1.6-5 3-10
Apunda and Nyangoye [18] 1.5-25 1.3-2.0 2-143
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Fig. 1. Heat and electricity daily demand for a building.
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Fig. 2. Heat-to-Power Ratio for a CHP unit.

heat storage. Based on the given or selected Ry p from
the CHP unit, the capacity of electricity generation can
be determined, which is then applied for the electricity
demand profile given. Calculating capacities of energy
generation and storage, operating profiles for accumulation
or usage of energy through storage can be obtained and
strategies for energy export or import can be set up. It
should be noted that the procedure show in Fig. 3 can be
adjusted by putting the capacity of electricity generation
as a basis for the design procedure.

The procedure explained in Fig. 3 is now illustrated
with the example discussed in this section. The heat
demand profile given Fig. 1(a) is used for targeting the
heat generation capacity for the CHP unit. As explained
earlier, the minimum capacity to satisfy the heat demand
without any external heating source is 653.8 kW, in

Electricity Demand Profile

,—>—/—

\

Electricity generation required = 589.8 kW

which the maximum capacity required for heat storage
is 932.5 kW. The illustrative value of Ryp is taken as
1.25, which is used to determine the capacity of electricity
generation to be 523.0 kW. As the capacity specified
(i.e. 523.0 kW) is less than the capacity targeted (i.e.
589.8 kW), the electricity generation from the CHP
unit is not enough and the power import is necessary.
The step-by-step calculations are schematically explained
in Fig. 4.

Case Study: Heat Integration of the Building
CHP System with Industrial Energy Sources

Option 1 in this Case Study refers the case in which
the stand-alone CHP system is used for the supply of
heat and electricity. The integration of industrial energy
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Fig. 4. An illustrative example for the consideration of the Heat-to-Power Ratio for the CHP systems.

sources with the CHP system is referred to as Option 2,
which utilizes waste heat available from a cement plant.

Daily profiles of heat and electricity demands used
for the example in the previous section is further used
for the case study. In addition to the profiles of January,
the case study considers both July and January from
the literature [19] as given in Figs. 5 and 6, with which
different heat-to-power ratios are considered. Contrary

to the example study in the previous section, the case
study considers the loss of heat and electricity during
storage and its re-utilization. The assumption is made
that 5% of heat and electricity per every hour is lost in
the storage facility, although the loss rate is very case-
specific and technology-dependent on energy storage
[20].

Daily demand profiles of heat and electricity for
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Fig. 5. Case study energy demand profiles of winter.

winter are shown in Fig. 5 and those for summer in
Fig. 6. Heat consumption for winter is larger than for
summer, while electricity required for cooling during
summer is the main contributor to large electricity demand,
compared to winter. Considering energy loss, the minimum
capacities for heat and electricity generation for winter
are increased from 653.8 kW and 589.8 kW to 681.7
kW and 620.9 kW, respectively. The ratios of increase
for heat and electricity is 4.2% and 5.2%, respectively.
This difference in capacity increase is related to the
shape of demand profiles. When two profiles between
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Fig. 6. Case study energy demand profiles of summer.

Fig. 5(a) and (b) are compared, the shape of heat demand
profile is more effective than the electricity profile
because of the longer residence time of electricity
stored and accumulated over a longer time horizon.

Option 1 — A Stand-alone CHP System

The capacities of heat and electricity generation for
winter and summer shown in Fig. 5 and 6 are indepen-
dently targeted, without the consideration of specific
Ru.p The technology-specific Ry p is taken to be 1.25
for the case study, with which the capacity for electricity
generation is determined as shown in Fig. 7. The heat

I Heat generation sized = 681.7 kW

Heat Demand Profile (Winter)

AN

-{ Electricity generation sized = 545.4 kW ]

Electricity Demand Profile (Winter)

Electricity generation required = 620.9 kW

I Heat over-generation |

| Electricity generation reduced

Heat Demand Profile (Summer)

Heat generation required = 472.8 kW

Fig. 7. A case study: Conventional CHP (Option 1).

Electricity Demand Profile (Summer)

Electricity generation required = 756.4 kW
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Table 2. Results of Option 1 for a case study

Heat supply Winter Summer
Target heat Generation size with 5% loss [kW] 681.74 472.77
Max. heat storage capacity required with 5% loss [kW] 914.11 582.27
Heat generation size implemented (Ry.p = 1.25) 681.74 681.74
Generation capacity in surplus(+)/deficit(-) [kW] - +99.47 Surplus
Heat export(+)/import(-) [kWh] +5,414 Export
Electricity supply Winter Summer
Target electricity generation size with 5% loss [kW] 620.86 756.36
Electricity generation implemented (Ry.p = 1.25) 545.39 545.39
Generation capacity in surplus(+)/deficit(-) [kW] -75.41 -210.97 Deficit
Electricity export(+)/import(-) [kWh] -1352.59 -4099.84 Import
Electricity saved through e-storage [kWh] 580.74 270.10
Electricity storage capacity required [kW] 734.73 304.94
Energy cost [daily basis] Winter Summer
Profit from heat export [$] 421.6
Expenses from electricity purchase [$] 143.8 435.8
LNG fuel cost required for CHP [$] 952.1 952.1
Overall energy cost [$] if heat can be exported 1095.9 966.3
Overall energy cost [$] if heat cannot be exported 1095.9 1387.9

demand between summer and winter is different and
the capacity of heat generation for the CHP unit is sized
with the heat demand profile of winter. This decision is
made as the heat demand in winter is large than that of
summer and it is more practical to avoid under-sizing
for heat generation capacity.

Considering the targeted capacity for the CHP unit,
heat in summer is over generated, while the electricity
is under generated, compared to the case without con-
sidering Ry.p. The amount of import or export of heat
and electricity as well as overall energy cost are presented
in detail in Table 2, which is reported in a daily basis for
winter and summer, respectively. As, for summer, surplus
heat may not be exported due to seasonal characteristics,
energy cost is calculated depending on the possibility
of heat export. However, no restriction on power export
or import is assumed.

For the case study, LNG (liquefied natural gas) is
taken as fuel for the CHP system and parameters related
to the evaluation of energy cost are as natural gas price
is 0.075 US$/ft’, [21], electricity purchase price is
0.1063 S$/kWh [21], district heating cost is 0.078 $/
kWh [22] and overall energy efficiency of the CHP
unit is 80%.

Option 2 — Energy Recovery with a Cement Plant
The industrial case studied is a cement plant produc-
ing 1 million tons of cement per year, which is based
on the study conducted by the International Energy
Agency (IEA) [23]. Fig. 8 is a schematic process flow
diagram for the cement plant considered and three possible
streams to be further used for heat and recovery are shown
with stream compositions and operating conditions. These
three streams are referred as Steams 2A, 2B and 2C,

which are exhaust streams to be emitted from the
cement plant. As these three streams have different
amount of waste heat to be utilized, the potential for
energy recovery in conjunction with the CHP unit is
further investigated.

Fig. 9 shows available options for heat integration
with three streams identified from the cement plant.
Stream 2A can be used for power generation as well as
heat recovery, as this exhaust gas is emitted at relatively
high temperature. ORC (Organic Rankine Cycle) is
selected for generating power as the waste heat of
Stream 2A can be used for evaporating the working
fluid of the cycle. R245fa is selected as a working fluid
for the ORC. All the calculations are carried out with
AspenHYSYS® simulator and Peng-Robinson method
is selected as thermodynamic and property evaluation
package. Key assumptions and modeling basis follow
the simulation framework reported in the literature
[14]. Also, 5% of heat available from these streams is
assumed to be lost during transfer and/or generation.

The ORC operating at winter is designed to generate
620.86 kW of electricity with which 4,240 kW of
waste heat is utilized from Stream 2A. The remaining
heat after being used for the ORC is used for the
supplement of heating for the building. It is assumed
that the water is used as a circulating medium to recover
the heat from the cement plant, and the heating of
water is from 55 °C to 95 °C. Assumption is also made
that the maximum heat recovery for those exhaust
streams is made down to 75 °C. For the operating mode
of summer, 4,409 kW is utilized from Stream 2A for
generating the power in the ORC cycle, and the re-
maining 2610 kW is recovered for heating.

For Streams 2B and 2C, the application of ORC is
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Fig. 9. Potentials for heat and power recovery.

not feasible, due to relatively low temperature for the not.

evaporator of the ORC, and there is only waste heat
recovery which is used for heating water as a heating
source to the building. Waste heat available from
Stream 2C is enough to provide heat necessary for the
building, while the waste heat recovery of Stream 2B is

Tables 3, 4 and 5 shows the details of economic
analysis for Options 2A, 2B and 2C, respectively.
Option 2A can be seen as the most promising option,
as the heat and electricity to be used for the building
are covered from the industrial waste heat. Option 2B
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Table 3. Results of Option 2A for a case study
Option 2A Winter Summer
CHP capacity required Hezhit' kW 681.74 472.77
Electricity kW 620.86 756.36
Heat and electricity supply available from Heat kW >> 681.74 >>472.77
the cement plant Electricity kW >>620.86 >>756.36
CHP capacity Heat kW 0 0
to be implemented Electricity kW 0 0
Enerey savin Heat kWh/d 15690.0 10948.0
gy saving Electricity kWh/d 14155.0 17117.0
Overall energy saving (based on heat and electricity import) $/d 2726.6 2672.2
Overall energy saving (based fuel savings via a CHP unit) %
* Export of surplus heat is not feasible. $d 1095.9 1387.9
Table 4. Results of Option 2B for a case study
Option 2B Winter Summer
. . Heat kW 681.74 472.77
CHP capacity required Electricity KW 620.86 75636
Heat and electricity supply Heat kW 3472 347.2
available from the cement plant Electricity kW 0 0
. . Heat kW 334.5 334.5
CHP capacity to be implemented Electricity KW 2676 267.6
Energy saving Heat kWh/d 8332.8 8332.8
Electricity to be purchased Electricity kWh/d 7732.6 10694.6
Overall energy cost $/d 640.2 955.1
Table 5. Results of Option 2C for a case study
Option 2C Winter Summer
Heat kW 681.74 472.77
HP i i
CHP capacity required Electricity kW 620.86 756.36
Heat and electricity supply Heat kW >> 681.74 >>472.77
available from the cement plant Electricity kW 0 0
. . Heat kW 0 0
CHP capacity to be implemented Electricity W 620.86 756,36
Energy saving Heat kWh/d 15690.0 10948.0
Electricity to be purchased Electricity kWh/d 14155.0 17117.0
Overall energy cost $/d 282.7 966.9

is the worst scenario due to the limitation in heat
recovery without any potential for power recovery. It
should be noted that economic analysis is only made
for evaluation of energy cost, without considering
capital investment required. If capital investment for
the introduction of the ORC system or the facilitation
of over-the-pence integration were considerably large,
the economic benefit of energy recovery from the
cement plant may not be seen as promising.

Conclusions and Future Work

The study investigates how the relative difference
between heat and electricity generation for CHP systems

should be systematically considered for the design and
operation of CHP-based energy management. The case
study demonstrates the applicability of process design
approach proposed with which the implementation of
the specific heat-to-power ratio for the design and
operation of CHP-based energy management can be
made in a holistic and systematic manner. Also, the
benefit of utilizing industrial waste heat from a cement
plant is studied, with which heat or power recovery via
the ORC cycle is maximized.

Considering the economic trade-off between energy
and capital would be necessary as part of future work,
with which understanding on the true value of industrial
waste heat can be clearly gained. For the analysis of
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heat-to-power ratios for CHP systems, the realistic values
of Ryp can be used for the analysis by developing
mathematical models or by referring to performance
databases, which is another area to be studied beyond
the current work.
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