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ABSTRACT

This study aims to clarify the influence of heat load
profile on energy efficiency in district heating and
cooling system (DHC). At present, energy efficiency
of DHC plant is evaluated by the energy efficiency
ratio (EER) which means the ratio of annual heating
and cooling heat production to annual primary energy
consumption. However, the climate and heat load
profile, which are specific in each plant, have
impacts on energy efficiency. In this study, the
relationship between energy efficiency and heat load
profile is examined by “standard DHC simulation
model” which optimizes plant configuration in a
given heat load profile. The simulation results
revealed that the ratio of cooling load to heating load
affects energy efficiency strongly, especially in
absorption chiller and boiler type plant. Furthermore,
it is proved that cooling load levelling causes a
higher energy efficiency.

INTRODUCTION

In Japan, district heating and cooling systems (DHC)
have 40 years history and about 150 plants have
been constructed as high efficiency heat supply
systems at central business districts. DHC plants are
classified based on the energy source into three
categories: “electric heat pump driven” which runs
on electricity; “absorption chiller and boiler” which
uses natural gas; and systems that are combinations
of these two types. In previous studies, simulation
models which represent the actual conditions of
operation were developed. By using these models, it
is proved that DHC plants show higher energy
efficiency than the conventional heat source systems
in individual buildings (Nagota et.al.2008 and
Shimoda et.al.2008).

At present, energy efficiency of DHC plant is
evaluated by the energy efficiency ratio (EER) which
means the ratio of annual heating and cooling heat
production to annual primary energy consumption.
However, the climate and heat load profile, which are
specific in each plant, should have impacts on energy
efficiency. The authors believe the comparison of
EER among different DHC plants without
considering these factors leads inequitable decision.
In addition, future DHC plant should be designed and

operated with demand side such as optimal building
use combination and heat load management to
achieve higher energy efficiency.

In this study, “standard DHC simulation models” of
absorption chiller and boiler plant and electric heat
pump driven plant are developed. These models are
developed based on the simulation model for an
existing DHC plant, which is verified by comparison
with measured data. The models optimize plant
configuration for a given heat load profile under
current technique. By wusing the models, the
relationship between energy efficiency and heat load
profile is examined. Through this analysis, the
influence of heat load profile on energy efficiency in
DHC is clarified.

SIMULATION MODEL OF
ABSORPTION CHILLER AND BOILER
TYPE PLANT

For simulating the energy consumption of the
standard absorption chiller and boiler type DHC,
numerical models were developed. This model is
based on the model of A-plant which was verified by
measured energy consumption (Nagae et.al.2011 and
Shimoda et.al.2009). Figure 1 and Table 1 show
system configuration of the “Standard plant”of this
type of DHC.

Table 1. System configuration of the “Standard plant”
of absorption chiller and boiler type

R-1
R-2
3 Double effect absorption chiller COP 1.30
R4
R-5 [ Waste heat utilization absorption chiller COP 1.30
R-6 Variable speed turbo chiller COP 5.49
B-1
B-2 Boiler 1n=0.82
B-3
Nn=36.2% (electricity)
CHP Gas engine generator 1n=18.3% (hot water)
n=14.9% (steam)

*Efficiencies are expressed in gross heating value.
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Figure 1. System configuration of the “Standard plant” of absorption chiller and boiler type
PC: cold water pump

Figure 2 shows the flowchart of the simulation model.
The time step of this model is one hour. The chiller
sequence control model determines the chillers that
must be operated to meet both the required heat load
and flow rate. In the determination of chiller
operation from the cooling demand, there are two
constraint parameters: the dead band margin and the
minimum flow rate of the bypass pipe that provides
for a sudden increase of flow rate demand (Shimoda
et al. 2008). These two constraints are not related,
since the temperature difference between the supply
and return water usually varies from the designed
fixed value. When the total cooling load is small, the
temperature difference becomes small and the flow
rate constraint prevails over the heat demand
constraint.
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Figure 2. Flowchart of the simulation model of
absorption chiller and boiler type

The chiller operating order is set as in the plan of A-
plant. The operation schedule differs according to
seasons and the switching ON/OFF of the CHP. The
chiller operating order is planned to switch among
three patterns:

1. When the gas engine is in operation (8:00-22:00
on weekdays and Saturday)

Chiller5 -6 —>1—>52—>3-4

2. When the gas engine is suspended

Chiller 6 -5 -1 —>2—>3—-4

3. 8:00-22:00 on weekdays in July and August (peak-
cut mode)

Chiller 5> 1 —»2—-3—-4—56

Waste heat utilization absorption chiller must be
operated to consume waste hot water when the gas
engine operates.

The gas engine performance model calculates the
consumption of city gas and waste heat (hot water
and steam) generation. The model doesn’t consider
part load efficiency of gas engine since it is operated
at only full load in this plant.

The chiller performance model calculates the steam
and electricity consumption of each chiller from the
part load factor and cooling water temperature. The
function to determine the chiller COP from the part
load factor and cooling water temperature is set from
the data provided by the manufacturer.

An iterative calculation between the chiller
performance model and cooling tower model
determines the cooling water temperature. The
cooling tower model simulates the mass and heat
transfer between the cooling water and outdoor air.
The electricity consumption of the fan, cold water
pump, cooling water pump and chiller accessories is
also calculated. In this plant, single pump system is
adapted and cold water pumps are assumed as
variable flow. In addition, the relationship between
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the heat load and temperature difference measured in
A-plant is used.

The boiler performance model calculates the city gas
consumption and electricity consumption by
accessories.

The optimum chiller capacities are calculated by
using the optimization model, which is constructed
by steepest descent method with some modifications
to avoid local solution, from various heat demand
profiles. Parameters of optimization are the capacity
of turbo chiller, gas engine generator and waste heat
utilization absorption chiller. Optimum capacities are
determined when annual EER is the highest
complying with the following two regulations.

1) The sum of the capacity of four double effect
absorption chillers and waste heat utilization
absorption chiller equals peak demand (Avoid turbo
chiller operation in summer to cut peak electricity).
2) Electricity generated by CHP is larger than electric
consumption in the plant (Constraint to calculate
realistic capacity of gas engine generator).

SIMULATION MODEL OF ELECTRIC
HEAT PUMP DRIVEN TYPE PLANT

Numerical models were developed for simulating the
energy consumption of the standard electric heat
pump driven type DHC, based on the model of
existing B-plant and C-plant, which were analysed by

the authors (Nagota et.al.2008 and Nagota et.al.2007).

Same as absorption chiller and boiler type DHC
model, this model calculates the optimum chiller
capacity from various heat demand profiles. Figure 3
and Table 2 show system configuration of the
“Standard plant” of this type of DHC. Figure 4 shows
the flowchart of the model. The time step of this
model is one hour. All chillers use river water as heat
sink/source.

River water

River water

River water

The operating chiller is determined according to
following rules. All chillers always run at full load
since it is assumed that there is enough capacity of
heat storage tank. For the above reason, part load
characteristic of chillers is not considered in this
model. The difference between cooling/heating
demand and heat supplied by operating chillers is
supplied by heat release from cold/hot water storage
tank.  In addition, DBR (double bundle turbo
chiller) is operated whenever both hourly cooling
demand and heating demand is larger than hourly
heat supplied by DBR. The rest of heating demand is
supplied by HP (water source heat pump). The rest of
cooling demand is supplied by TR (variable speed
turbo chiller) in winter and supplied by TR and HP in
summer and middle season.

The optimum chiller capacities are calculated by the
optimization model, which is constructed by steepest
descent method with some modifications to avoid
local solution, from various heat demand profiles.
The optimum TR capacity is determined by the
following procedure because cooling demand is
supplied by DBR and TR in winter.

Table 2. System configuration of the “Standard plant”
of electric heat pump driven type

DBR-1 | Double bundle turbo chiller [COP 3.62 | COP 4.88
DBR-2 | (Heat recovery heat pump) [(Cooling) [(Heating)

TR-1 COP 6.26

Variable speed turbo chiller . -

TR-2 P (Cooling)

HP-1

HP-2 Wat heat COP 4.20 | COP 5.00

P3 ater source heat pump (Cooling) |(Heating)

HP-4

River water
Buildings
Cold water

Hot water

Cold / hot water
storage tank

Cold water
storage tank

Cold water
storage tank

Cold / hot water

[Hot water storage|

storage tank tank

Figure 3. System configuration of the “Standard plant” of electric heat pump driven type
PCD: cooling water pump, PC: cold water pump, PH: hot water pump, S_PC: secondary cold water pump,
S PH: secondary hot water pump
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Figure 4. Flowchart of the simulation model of
electric heat pump driven type

1) Cpax is calculated from a maximum of daily
cooling demand and C,,gxwinter 1 calculated from a
maximum of daily cooling demand in winter in the
following equations.

Cinax [GJ/h] = a maximum of daily cooling demand
[GJ] * safety margin (1.2) / the number of TR (2) / 24
(h]

Cnaxwinter [GJ/h] = a maximum of daily cooling
demand in winter [GJ] * safety margin (1.2) / the
number of TR (2) /24 [h]

2) HP capacity is calculated in the following equation.

HP capacity [GJ/h] = a maximum of daily heating
demand [GJ] * safety margin (1.2) / the number of
HP (4) /24 [h]

3) Crnax—np 18 the capacity determined by subtracting
HP capacity from C,,,4, as follows.

Cmax—HP = Cmax - HP CapaCitY

4) TR capacity is the highest capacity between
Cmaxwinter and Cmax—HP-

Only DBR capacity is used as a parameter of
optimization. The initial capacity of DBR is defined
from the highest capacity between the capacity
determined by maximum cooling demand in winter
and the capacity determined by maximum heating
demand in summer. The capacity is the highest in
assumed capacities. By lowering DBR capacity from
the initial capacity, optimum DBR capacity is
determined when annual EER is the highest.
According to chiller capacity, the flow rate of all
pumps is changed as chiller capacity. In addition,
secondary cold water pumps are assumed as variable
flow. The relationship between the heat load and
temperature difference measured in C-plant is used to
determine the secondary cold water flow rate.

ANALYSIS OF ABSORPTION CHILLER

AND BOILER TYPE

Setting profile A, the heating and cooling load profile
of A-plant, as base demand, various heat load
profiles are made by changing this profile. In this
analysis, total heat demand is fixed as actual volume
of profile A .

Energy efficiency of the profile is evaluated as an
EER (Energy efficiency ratio), defined as follows.
EER is additionally broken down to cooling
efficiency ratio (C-EER) and heating efficiency ratio
(H-EER).

EER = —%*@n (1)
Gp+Exep+Gy
Gy = Geyp — Eg X € (2)
C-EER = 2 3)
GpXTc+GwXT jXTc+GwXTo+Ec
H-EER = Cn @)
GpXTp+GwXT jXTR+Ep

Heat load profiles transformed from profile A are as
follows: 1)Cooling load levelling throughout the year,
2)Heating load levelling throughout the year,
3)Cooling load levelling throughout the day,
4)Heating load levelling throughout the day and
5)Changing ratio of annual cooling load to annual
heating load. As an example, Figure 5 shows
cumulative cooling load curve of cooling load
levelling throughout the year. In this case, cooling
load of high-load region, which is from 1st hour to
2190th hour in descending order, is decreased by a
certain rate and shifted to the other region in
maintaining the sum of annual cooling load. It means
the area of yellow is equal to the area of red in Figure
5. After that, cumulative cooling load curve near the
boundary, 2190th hour, is smoothed.

base demand 000000 eeeee shift by 10%
= = shift by 30%

—— -shift by 50%

The ratio of cooling demand to annual maximum([-]

Figure 5. Cumulative cooling load curve of cooling
load levelling throughout the year
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Since the change of EER by daily load levelling is
quite small in comparison to load Ievelling
throughout the year, further discussion is
concentrated on annual load levelling.

Figure 6 shows the change of EER and C-EER due to
cooling load levelling throughout the year. The share
of the chillers is also shown in this figure. C-EER is
increased by 20% when peak load is shifted by 50%.
This is because the share of turbo chiller, which has
highest COP, is increased from 53% to 70%.

On the other hand, EER is not affected by heating
load levelling since H-EER is not affected by the
following reason. Heating is supplied by boiler and
waste heat from CHP. The ratio of boiler and waste
heat from CHP affects H-EER since boiler efficiency
is low (0.82) and efficiency of waste heat from CHP
is high. However, H-EER doesn’t change because
improvement of H-EER in high-load region balances
lowering of H-EER in the other region.

HR-6 WR-5 WR-1~R-4 AEER MC-EER ¢H-EER

- - 1.50

F 1.40
80%

70% - - 1.30
% -
60% L 1.20
50% -
20% | 110
30% L 1.00
20% -
- 0.90
10% -
0% - : ‘ ‘ - 0.80

base demand  shift 10% shift 30% shift 50%

100% -

90% -

Energy efficiency ratio[-]

The ratio of cooling production|-]

Figure 6. Simulation result of cooling load levelling
throughout the year
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Figure 7. Simulation result of changing the ratio of
cooling load to heating load

Figure 7 shows the relationship between the ratio of
cooling load to heating load (C/H ratio) and EER.
EER has a strong linear relationship to C/H ratio.
Since C-EER is much higher than H-EER, EER
becomes larger with increase in C/H ratio.

To examine combined effect of these factors,
measured load profiles of six DHC plants are used
for the simulation. Figure 8 and Figure 9 show the
cumulative cooling and heating load curve and
Figure 10 shows monthly cooling and heating
demand of each profiles.
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Figure 10. Cooling and heating demand per month of
six actual load profiles

Figure 11 shows the relationship between the C/H
ratio and simulated EER. The maximum difference
among EERs of six profiles is 37% and EER have a
linear relationship with C/H ratio.

As an exception, EER of profile C has no correlation
with the C/H ratio. The C/H ratio of profile C is high,
however, the share of turbo chiller and waste heat
utilization absorption chiller is low since cooling load
in mid and winter season is lowest among six profiles.
In conclusion, in absorption chiller and boiler type
DHC, heat load profile that meets three conditions
shown the following contributes to increase EER:
1)The amount of cooling demand in off peak season
is large. 2)Peak demand of cooling is small. 3)The
ratio of cooling load to heating load is high.

OCooling demand ®WHeating demand AEER MC-EER ¢ H-EER
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Figure 11. Simulation result of six actual load
profiles

ANALYSIS OF ELECTRIC HEAT PUMP

DRIVEN TYPE

Setting profile C, the heating and cooling demand of
C-plant, as base demand, various heat load profiles
are made by changing this profile. In this analysis,
total heat demand is fixed as actual volume of profile
C.

As same as absorption chiller and boiler type, EER,
cooling efficiency ratio (C-EER) and heating
efficiency ratio (H-EER) are defined as evaluation
index.

EER — Qc+Qp (5)
ETR+EHP+EDBR-ctEDBR-h+Pct+Ph
C-EER=——% (6)
ETR+EpBR-ct+Pc
H-EER = ——% 7

~ Eup+Eppr-n+tPn
Electricity consumption of double bundle turbo

chiller (DBR) is allocated as follows.
__ 4DBR-c _ 49DBR-h
Eppr-c = COPppr’ Eppr-n = C0PpER ®)

As same as absorption chiller and boiler type, five
types of heat load profile are analysed to evaluate
cooling load levelling throughout the year. Figure 12
shows the change of EER, C-EER and H-EER due to
cooling load levelling throughout the year. The share
of chiller and heat pump is also shown in this figure.
EER is increased by 0.24 when peak load is shifted
by 50%. By the cooling load levelling, not only
improvement in C-EER but also great improvement
in H-EER is obtained. This is because the share of
DBR becomes higher than base demand as shown in
Figure 12. This is brought about by the increase of
cooling demand in winter.

= DBR(cooling) ® TR(cooling)
® HP(heating) EER
100%

m HP(cooling) ® DBR(heating)

WC-EER H-EER

90%
80%

70%

[-]

60%

ing|

50%

and heat

40%

Energy efficiency ratio[-]

30%

The ratio of production of cooling

20%

10%

0%

base shift 10% shift 20% shift 30% shift 40% shift 50%

Figure 12. Simulation result of cooling load levelling
throughout the year

Figure 13 shows relationship between C/H ratio and
EER. EER increases linearly with C/H ratio. The
increase in the share of turbo chiller contributes to
great improvement of C-EER. On the other hand, H-
EER is increased with decreasing the ratio of heating

- 1931 -



Proceedings of Building Simulation 2011:

12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November.

load to cooling load. This is because the share of
DBR becomes large when H/C ratio is small.

B DBR(cooling) B TR(cooling) B HP(cooling) B DBR(heating)
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Figure 13. Simulation result of changing the ratio of
cooling load to heating load

As same as absorption chiller and boiler type, actual
load profiles of six DHC plants are used for the
simulation. Figure 14 shows the relationship between
the C/H ratio and EER. Different from absorption
chiller and boiler type, relationship between C/H
ratio and EER is not clear.

EER of profile A is the highest, although the C/H
ratio is the second lowest. This is because both C-
EER and H-EER are high due to large share of DBR
as shown in Figure 15.

On the other hand, C-EER and H-EER of profile E
are low since the share of heat pump is high both in
cooling and heating as shown in Figure 15. As shown
in Figure 10, heating demand of profile E
concentrates on winter and operation hours of DBR
is small.

OCooling demand ®Heating demand AEER BC-EER ¢ H-EER
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Figure 14. The relationship between the ratio of
cooling load to heating load and EER
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Figure 15. The ratio of production of cooling and
heating

Figure 16 shows the effect of C/H ratio on EER for
absorption chiller and boiler type and electric heat
pump driven type under same heat load profile
(profile A). As shown in the figure, absorption chiller
and boiler type is more sensitive to EER than electric
heat pump driven type. This is because the difference
between C-EER and H-EER is small in electric heat
pump driven type.

#absorption chiller and boiler type(profile A) A heat pump driven type (profile A)
0.2

L 2
0.15
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0.05 +——y=0.1767x - 0.1339
R?=0.5606 %

0 . . / — ,
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%yZO.SSISX-OSBG
0.1 R =09831 ———————|
A

-0.15

Change ratio of efficiency to base case[-]

-0.2

0 0.2 0.4 0.6 0.8 1
The ratio of cooling load to heating load[-]

Figure 16. Comparison of the effect of C/H ratio
between absorption chiller and boiler type
and electric heat pump driven type

CONCLUSION

In this study, the relationship between energy
efficiency and heat load profile is examined by
“standard DHC simulation model” developed for
absorption chiller and boiler type and electric heat
pump driven type. In these models, plant
configuration is optimized for a given heat load
profile to enable the model to evaluate the net effect
of heat load profile on the energy efficiency ratio
(EER). Optimum capacities are determined when
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annual EER is the highest. For example, EER
improves from 0913 to 1.004 in A-plant by
optimization of plant configuration.

Simulation results show that the difference of heat
load profile affects EER due to the change of the
share of heat source machines which have different
energy efficiency.

EER becomes higher with increasing the ratio of
cooling load to heating load (C/H ratio) for both type
of DHC since EER for cooling (C-EER) is higher
than EER for heating (H-EER). In particular, high
C/H ratio is more effective in absorption chiller and
boiler type because the difference between C-EER
and H-EER is large. In addition, cooling load
levelling throughout the year is also effective in
improving EER for the both type of DHC. In
particular, cooling load levelling is more effective in
electric heat pump driven type since not only
improvement in C-EER but also great improvement

in H-EER is obtained by increasing the share of DBR.

In conclusion, heat load profile is important factor to
determine the energy efficiency of DHC and different
DHC plants that have different heat load profiles
should not be evaluated only by EER.

This paper deals with evaluation based on EER, but
evaluation on CO, emission based on difference in
carbon content of the energy sources is necessary in
the next step of this research.

NOMENCLATURE

Cmax : TR capacity calculated from a maximum of
daily cooling demand [GJ/h]

Crnaxwinter TR capacity calculated from a
maximum of daily cooling demand in winter [GJ/h]
Crax—np © TR capacity determined from HP capacity
and Cp,q, [GI/h]

Q. : Cooling demand [GJ]

@y, : Heating demand [GJ]

Gy, : Gas consumption of boiler [GJ]

Geyp @ Gas consumption of gas engine [GJ]

E : Total electricity consumption of the plant [kWh]

ep - Conversion factor to primary energy

[=9,760 kJ/kwh]

G,, : Gas consumption of gas engine for producing
waste heat [GJ]

Eg : Electricity produced by gas engine [kWh]

=
Steam consumption of absorption chillers[G]]

Steam supplied[G]]+steam consumption of absorption chillers[G]]

T'h =
Steam supplied[G]]

Steam supplied[G]]+steam consumption of absorption chillers[GJ]]

’r}-:

Production of steam[G]]

Production of steam|[GJ]+Recovered amount of hot water|[GJ]
T =
Recovered amount of hot water[GJ]]

Production of steam|[GJ]+Recovered amount of hot water|[GJ]

E. : Electricity consumption of chillers + electricity
consumption of accessories(boiler accessories for
producing cooling heat) [GJ]

E, : Boiler accessories for producing heating heat

[GJ]

Erg @ Electricity consumption of turbo chiller [GJ]

Eyp @ Electricity consumption of heat pump [GJ]

Epgr_c : Electricity consumption of double bundle

turbo chiller for cooling [GJ]

Eppr—n : Electricity consumption of double bundle

turbo chiller for heating [GJ]

qpger—c - Cooling production of double bundle turbo

chiller [GJ]

qpger-1 - Heating production of double bundle turbo

chiller [GJ]

COPppr : Cooling and heating COP of double

bundle turbo chiller [ - ]

P, : Electricity consumption of cooling by pumps

[GJ]

Py, : Electricity consumption of heating by pumps

[GJ]
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