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Abstract: Combined heat and power (CHP) coal-fired plants and heat-only boilers are still working as main heat sources in North
China. These provide high temperature water on the primary side of district heating (DH) systems. There can be large temperature
differences between the primary side and secondary side deployed in low temperature district heating (LTDH) of buildings. In this
paper, a LTDH system, integrated with an organic Rankine cycle (ORC) system, is presented and evaluated on how to utilize the
limited temperature difference between the primary and secondary sides in a substation. Two cases are illustrated of the perfor-
mance of two modes (series or parallel connection) and energy efficiencies of the configurations with or without an ORC system.
The results showed that the integrated ORC system could provide sufficient power for the circulating pumps in the DH system.
The integration of the ORC leads to only a very slight decrement on the supply water temperature. Generally, the series mode can
generate the maximum output power from an integrated ORC system. The parallel mode showed more flexibility on the adjust-
ment of output power from the ORC system, especially where domestic hot water is needed. When the cold tap water was used as
a cooling stream in the condenser of an ORC system before preparing to be the domestic hot water, it is very helpful in improving
the performance of the ORC and increasing the energy efficiency of the DH system.

Key words: District heating; Low temperature district heating (LTDH); Organic Rankine cycle (ORC); Energy evaluation; Pipe
network
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1 Introduction bon dioxide (CO,) emissions. For instance, the in-

clusion of combined heat and power (CHP), thermal

District heating (DH) is considered as a very
energy efficient way to supply heat to high heat-
density regions. In Europe, DH systems have been
widely used with various heat sources and technolo-
gies to provide efficient, environmental and economic
benefits (Lund et al., 2014). Development of the 4th
generation DH involves a multitude of technical in-
novations to reduce fossil fuel consumption and car-
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energy storage (TES) and/or heat pump in DH has
provided high overall thermal efficiencies of DH
systems and flexible cogeneration, balancing heat,
and power demands (Miinster et al., 2012; Antonio et
al., 2016; Ommen et al., 2016); industrial surplus heat
and/or renewable energy have been working as the
main sources on the primary side (Holmgren, 2006;
Lund et al., 2010; Hassine and Eicker, 2013; Sartor et
al.,2014). There has been more retrofitting of existing
buildings to make more energy-saving, energy-
efficient buildings (Abel, 1994; Chwieduk, 2001;
Thomsen et al., 2005; Karlsson and Moshfegh, 2007;
Thyholt and Hestnes, 2008) even to the point of zero
emission (Catto, 2001; Zhu et al., 2009a, 2009b) on
the secondary side.
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A number of recent reports and studies have
described low temperature district heating (LTDH)
systems to meet the challenges facing new heat
sources and energy-efficient buildings. Coupling with
the low supply water temperature and well-designed
DH networks, systems with LTDH will obtain lower
return water temperature and less network heat loss.
Most research papers put significant emphasis on the
integration of heat tanks and heat pumps in LTDH.
Brand and Svendsen (2013) showed that DH supply
temperature can be considerably decreased in a
LTDH system with special low-temperature heat
exchangers and storage tanks to set an operation
temperature of 22 °C. They suggested that the use of
the bypass flow in bathroom floor heating is a
cost-effective solution exploiting the heat that would
otherwise be lost in the LTDH network (Brand et al.,
2014). Ostergaard and Svendsen (2016) suggested
that critical radiators must be replaced to obtain the
full potential of LTDH after evaluating the actual
radiator sizes and heating demands in four existing
Danish single-family houses from the 1930s.
Elmegaard et al. (2016) compared the energy and
exergy efficiency of the conventional DH and LTDH
at different temperatures. Moreover, the annual
heating cost for solutions that utilize electricity for the
heat pump was calculated. Tol and Svendsen (2015)
presented a method for the dimensioning of the
LTDH piping networks operating with a control phi-
losophy of supplying heat. Baldvinsson and Nakata
(2016) presented a high spatial resolution-based
method for design and operation of a LTDH system.
Kofinger et al. (2016) described the development of
economically and ecologically optimized concepts for
LTDH networks using four representative case stud-
ies in Austria. Colmenar-Santos et al. (2016) assessed
the economic impact following as a result of the
conversion of conventional stations to cogeneration
plants connected to a system for DH and refrigeration.
Yang et al. (2016a) analyzed and modified a system
with decentralized substations to avoid the risk of
Legionella and to reduce the average return temper-
ature. The performances of five different substation
configurations in single-family houses supplied with
ultra-LTDH (46 °C at the heat plant and around 40 °C
at the substations) were investigated (Yang et al.,
2016b). Zhang et al. (2016) investigated the energy,
economy, and exergy performances of the proposed

domestic hot water systems in various configurations
to fit with LTDH.

In North China, the DH system downtown serves
both residential and commercial buildings, whose
current peak space heating density is approximately
45-55 W/m® on average (Zhang et al., 2016). The
incensement of LTDH demand for low-energy and/or
passive solar buildings has been accompanied by an
accelerated process of urbanization and building ef-
ficiency in large cities such as Beijing and Tianjin
(Xiong et al., 2015). Nowadays biomass, waste
(MOHURD, 2010) or industrial surplus heat (Li et al.,
2016) is used to replace a share of the fossil fuel, but
coal is the major resource in China’s energy complex.
The combined heat and power plants, gas-fired boil-
ers, and coal-fired boilers serve 43.4%, 10.8%, and
40% of the DH area, respectively in China in 2010
(Lecompte et al., 2015), and still are the main DH heat
sources in North China. These kinds of heat sources
are especially suitable for providing a high supply
temperature on the primary side of DH systems con-
sidering the higher amount of heat per unit mass of
water. Meanwhile, higher supply temperature means
a smaller amount of hot water flow and accordingly
lower power consumption of circulating pumps on the
primary side of a DH system. Furthermore, pipelines
usually have good thermal insulating properties,
which promises extremely small heat loss on the
primary side of a DH system. Thus, there must be
larger temperature difference between both sides of a
heat exchanger in a DH substation where higher
supply temperature is adopted on the primary side and
lower heating temperature is adopted on the second-
ary side.

The organic Rankine cycle (ORC) is one of the
most economic and efficient ways to convert
low-grade thermal energy to electricity. Several ORC
waste heat recovery plants are already in operation to
generate power levels of 100 W to 1 MW (Chen et al.,
2013). The optimal selections of working fluids in an
ORC corresponding to the heat source temperature
level are shown in Table 1 (Bao and Zhao, 2013;
Saadatfar et al., 2013). Quoilin et al. (2013) investi-
gated the performance of ORC systems in application,
measuring thermal efficiency, working fluid pump
efficiency, and back work ratio (BWR). China’s re-
search on and application of ORC technology is also
developing rapidly (Feng et al., 2015; Wu et al., 2015).
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Note that a proper organic fluid can be chosen to
work efficiently according to certain DH operating
temperatures. The working temperatures of ORC
shown in Table 1 coincide with the supply tempera-
ture (e.g. 120 °C) on the primary side and the return
temperature (e.g. 30 °C) on the secondary side of a
DH system. To take full advantage of the large tem-
perature difference between the two sides of a DH
system in North China, a new LTDH system is pro-
posed in this paper, where an ORC system is inte-
grated between the primary side and secondary side in
a substation. The output power of an ORC can be
directly used to drive the circulating pump in the
substation.

In this study, a LTDH system integrated with
ORC is proposed which has not been suggested be-
fore. To improve the performance of an ORC and the
thermal efficiency of DH, two connection modes
(series or parallel) were discussed with a simplified
model on how the conventional heat exchangers can
work properly with the ORC devices. Then, two cases
are presented to illustrate the practical configurations
that a DH system can integrate ORC devices in a
substation. The energy efficiencies and influence on
supply water temperature of a substation between
different modes and configurations are evaluated. The
results show that integrated ORC can exploit the
temperature difference between the two sides of DH
and keep the high thermal efficiency of the whole
system simultaneously.

Table 1 Working fluids in ORC corresponding to the heat
source temperature level

. . Evaporating Condensing
Working fluid temperature (°C)  temperature (°C)
R113,R134a 80-140 20-30
R1234yf, R123 60-80 10-30
R245fa 70-150 10-80

Data from Bao and Zhao (2013) and Quoilin et al. (2013)

2 Systems
2.1 Organic Rankine cycle system

The working principle of the ORC is: the
working fluid is pumped to a boiler/evaporator where
it is evaporated, and passed through an expansion
device (turbine or other expander), and then through a
condenser heat exchanger where it is finally

re-condensed (Quoilin et al., 2013). In the ideal cycle
described by the engine’s theoretical model, the ex-
pansion is isentropic and the evaporation and con-
densation processes are isobaric. Refrigerants and
hydrocarbons are commonly used as the working
fluid, such as R1234yf, R134a, R245fa, and
n-pentane. The selection of the working fluid is of key
importance. A diagram of a basic ORC system inte-
grated with the primary and secondary sides of a
LTDH is shown in Fig. 1. Here, the high-temperature
supply water on the primary side provides the heat
used to evaporate the working fluid and the released
heat in the condenser is taken away by the cold return
water on the secondary side of the DH system. With a
proper working fluid operating in the ORC, the ther-
mal energy is transformed into useful work. Thus,
ORC systems could be fit for a LTDH system to pro-
vide power if appropriate hot and cold water can be
available. Generally, a 50-100 °C temperature dif-
ference can be expected in a LTDH system between
the primary supply-water and secondary return-water
to drive an integrated ORC to generate stable power.
However, the integration of an ORC should not affect
the heating performance of the DH system.
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Fig. 1 An ORC system in DH

2.2 Low temperature district heating

A DH substation is a vital component in a DH
system. It connects the primary heating side with the
secondary heating side. The station normally has one
primary circulating pump' (assuming that distributed
variable-speed pumps are used), one secondary cir-
culating pumpz, and heat exchangers (HEXs) as
shown in Fig. 2. Here the circulating pumps are
driven by the electric motors and used to circulate
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water in a DH system. The HEXs handle the heat
transfer from the primary side into the secondary side
of'a DH system. If the heat loss from heat exchangers
into the environment is not considered, the energy
balance can be described as

Hll-[EX:Hl%[EX’ (1)

where H|., is the heat absorbed from the primary

supply water; H_ ., is the heat released to the sec-

ondary heating water.

120 °C 80 °C
(120 °C (50 °C)
| B - = I |
Substatiop |
S et
| |
| | : | Y
[ EX !
iHeat{ P ;oL Heat
source H HiEX>: r"'HIZHEx> user
| I
[ |
[ |
| L <= _ < _I |
| |
[ 4
|Pump Pump?|
[ |
Transmission 70 °C 0°C Distributiop
network (40 °C) (30 °C) network

Fig. 2 A traditional substation in DH
Superscripts: 1: primary side; 2: secondary side; s: source

Energy-efficient buildings and LTDH systems
are helpful for reducing the heat loss on the secondary
side. For a conventional DH system, the heating
temperature and the return temperature on the
primary/secondary side could be 120 °C/70 °C and
80 °C/40 °C, respectively. However, for a LTDH
system, the supply/return temperatures on both sides
could be 120 °C/40 °C and 50 °C/30 °C, respectively
as shown in Fig. 2. The heating temperature and the
return temperature on the secondary side could be
reduced to 45-55 °C and 25-35 °C, respectively
(MOHURD, 2010). The ultralow supply/return tem-
perature on the secondary side, such as 40 °C/20 °C
has more benefit for decreasing heat loss while
maintaining indoor thermal comfort (Yang et al,
2016b). Yet, an electrical heater or electricity-
based heat pump must be used for domestic hot water
in a LTDH system since it is required to be 55-60 °C
to prevent Legionella bacteria growth (Tol and
Svendsen, 2015; Baldvinsson and Nakata, 2016;

Colmenar-Santos et al., 2016; Elmegaard et al., 2016;
Kofinger et al., 2016).

In North China, residential heat demand is
mainly for space heating in winter (Feng et al., 2015).
The supply/return temperatures on the primary side
and secondary side are usually 120 °C/70 °C and
80 °C/40 °C, respectively for the conventional high-
temperature heating system. According to the design
code for urban heating network in China, the heating
water supply temperature can be 110-150 °C and the
return temperature can be lower than 70 °C on the
primary side if the combined heat and power plants
and coal-fired boilers still serve as the main heat
sources. The average heating energy demand is about
60—67 W/m” if no energy conversion is taken to im-
prove energy efficiency in the existing residential
buildings. It can be about 45-55 W/m® if energy
conversion improvements can be performed for
conventional buildings (MOHURD, 2010).

To apply LTDH in China, the supply tempera-
ture on the primary side must be reduced deliberately,
which would have an adverse effect on the thermal
efficiency of the combined heat and power plants or
boilers. In addition, the benefit of keeping a higher
supply temperature (such as 120 °C) on the primary
side is that there can be a lower circulating flow rate
which involves less power consumption of the circu-
lating pumps. Especially for the large-scale DH sys-
tems with long transmission distance and a large
number of heat users in North China, a higher supply
temperature on the primary side means a much lower
water flow rate. Therefore, keeping a higher supply
temperature on the primary side is quite reasonable
for the large-scale DH systems when the combined
heat and power plants or coal-fired boilers are serving
as main heat sources. The return temperature on the
primary side should be reduced as much as possible
(such as 40 °C), that is to say, the large-scale DH
system should operate with large temperature differ-
ence and small flow rate on the primary side.

Moreover, researchers noticed that there is not
too much heat loss from pipes to the environment
during the transmission on the primary side since
well-insulated big-diameter pipes are usually used. It
means that the amount of heat loss during the trans-
mission on the primary side is usually acceptable. In
Denmark, the heat loss for transmission (primary side)
and distribution (secondary side) was investigated in
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2011 as 2% and 15%, respectively (Deng, 2013). For
most of the DH systems in service in China, the heat
loss on the primary side is much less than that of the
secondary side where poorly small-
diameter pipes were often used in the buildings.

A new LTDH system integrated with ORC in
substations is presented in this paper to meet the

insulated

scenario where the high-temperature supply water
and low-temperature return water are applied on the
primary side and the low-temperature supply/return
water are both applied on the secondary side. As
shown in Fig. 2, for example, the supply/return tem-
peratures on both sides could be 120 °C/40 °C and
50 °C/30 °C, respectively. The supply water on the
primary side (120 °C) can serve as heat source for the
evaporator of the ORC and the return water on the
secondary side (30 °C) can serve as cold source for
the condenser of the ORC.

2.3 LTDH integrated with ORC

Two configurations of new LTDH systems inte-
grated with ORC are presented in this study: an ORC
combined in series or parallel arrangement with a heat
exchanger in a substation. Assuming that the sup-
ply/return temperatures on both sides of the DH system
are 120 °C/40 °C and 50 °C/30 °C, respectively. The
parallel connection mode is shown in Fig. 3.

In parallel connection mode as shown in Fig. 3,
only part of the supply hot water (120 °C) on the
primary side serves as heat source and flows into the
evaporator of the ORC; part of the return water

(30 °C) on the secondary side serves as cold source
and flows into the condenser of the ORC. Not taking
the heat and flow losses into account in the balance,
the energy balance in the steady-state ORC system
can be described as

H é)RC =H, CZ)RC +Wore» )

where H/,. is the heat absorbed from the primary

side via the ORC evaporator; H_,. is the heat re-

leased to the secondary side via the ORC condenser;
Worc is the output power of the ORC, which can be
used to drive the DH circulating pumps.

For a conventional DH system, H|, is the heat
absorbed from the supply water on the primary side
and H},, is the heat released to the heating water on

the secondary side in a substation. The electricity
from the grid, E,ump, should be used to drive the DH
circulating pumps. Energy transfer diagrams of the
DH substations with and without ORC are shown in
Fig. 4. Assuming that there is no heat loss to the
surroundings and both systems meet 100% of the
consumer’s heating needs, in the ideal case, the rela-
tionship of energy intake and energy expenditure of
the DH substations with and without ORC are pre-
sented in Egs. (3)—(5) based on the first law of
thermodynamics:

HII-IEX + ZE‘pump = HIORC s (3)
H, }2{EX =H (2)RC ) “4)

120 °C 50 °C

Evaporator Condenser /

Heat
source

Pump’

Heat user

Fig. 3 A LTDH system integrated with ORC
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>E

pump Wore- (5)

Fig. 5 shows the energy intake and energy ex-
penditure of the DH substations with and without
ORC. Here, the heat absorbed from the primary side

of a conventional DH system, H,,, is less than that

of a DH system with ORC, H/,.. At the same time,

part of the heat absorbed by ORC will convert into
work, Worc, to replace the total electricity consumed
by circulating pumps, XE,ump, in a conventional DH
system. That is to say, the amount of energy required
is equal for both of the DH substations with and
without ORC, but no electricity from the grid is
needed to drive the circulating pumps in a DH system
with ORC. In the substation, the ORC system can take
full advantage of the exergy stored in the high tem-
perature difference between the primary and second-
ary sides of a LTDH system. Thus, the LTDH system
integrated with ORC can be regarded as an energy
cascade utilization system, by which the exergy de-
struction caused by the irreversible process of heat
transfer in the heat exchanger of a conventional DH
system can be avoided.

: Substation | | Substation

| ! | |

| ! 1~ HEX |41

' [P 1 il

~-H HEX™[ ™ HEX - +H 1ex> | |
! I H'opel{  ORC  [HHPope
| | ORC’) 177 0oRC’

: : : Worc :

|
”Epump’: """"""""" @ | : :
| ! | |
DH system without ORC DH system with ORC

Fig. 4 Heat transfer and power consumption in two DH
systems with and without ORC

A Energy

1
H ore Worc

n
B

Hupx H

AT

»

DH system without ORC DH system with ORC

Fig. 5 Energy balance of two DH systems with and with-
out ORC

In a substation, generally, the heat absorbed by
the heat exchanger, H}.,, is about two orders of

magnitude greater than the electricity consumed by
the circulating pump, XE,,mp. Therefore, the applica-

tion of ORC would not have a significant impact on
the heating process. In the meantime, the electricity
consumed by the circulating pump would be provided
totally by the ORC output power. In the next sections,
the detail of application of an ORC in a DH substation
will be illustrated.

3 Methods

In a DH substation, a heat exchanger is used to
handle the heat transfer from the main DH pipes into a
secondary pipe network. The circulating pumps are
driven by the electric motors in the conventional DH
system and by ORC output power in a DH system
integrated with an ORC. Thus, the heat exchanger,
circulating pumps, and the ORC system are the main
devices that would have effect on the heating process.
The simplified thermal model for the devices is pre-
sented as follows.

3.1 Heat exchanger

A heat exchanger is necessary for a substation in
a DH system with or without an ORC. If only space
heating is provided, the conventional layout of a
substation is as shown in Fig. 6. If domestic hot water
is also provided in a DH system, the conventional
layout of a substation is as shown in Fig. 7. Two heat
exchangers are used here: the hot supply water on the
primary side would pass through the HEX3 to heat the
domestic hot water to achieve a suitable temperature
(50-60 °C) first, and then it would pass through the
HEX2 to heat the water for space heating.

For a heat exchanger, heat released from the
supply hot water on the primary side is

H ll-[EX =M ;uixég (T;rll,HEX - Tolut,HEx )’ (6)

and for the heat exchanger, heat absorbed by the cir-
culating water on the secondary side can be described
as

H IZ{EX =M IiEXés (TiiHEX - Tozut,HEX )a (7)

where 5; is the specific heat for the average tem-

perature, ranging from a high 7}, .., to alow T, ..
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55 is the specific heat for the average temperature,

Tl

ranging from a low 7., to a high T i HEX

ut, HEX *
1
and Tout,HEx

are the inlet and outlet temperatures of the
hot supply water on the primary side passing through

the heat exchanger HEX, respectively; Tinz,mzx and

T ex are the inlet and outlet temperatures of the

cold return water on the secondary side passing
through the heat exchanger HEX, respectively. M.,

is the mass flow of the hot water passing through the
heat exchanger HEX on the primary side. M' is the
mass flow of the hot water on the primary side. M” is
the mass flow of the cold water on the secondary side.

The ratio of heat loss (H| ;) to the total heat

transfer (H,,) can be described as T HExX -

_ 1
H, LLHEX — UI,HEXH HEX > (8)
1l
I
Primary ot Secondary
side side
"HWHEX' HEX "HZHEX'
1

Pump’ T out 17-2in W2 Pump®

Fig. 6 DH system with one HEX (scenario 1)

Domestic hot

m T out HEX waler (55°C)
Pri id Domestic hot
rimary side water side
~-H'uexs> | HEX3 |- HHexs™
T outHexs T Hexs
Tap water (5 °C)
Thinme T ouHexe
Secondary side
~-Hexe> | HEX2 | --Huexe>
T ouHexe TinHexe
M M
Pump' Pump?

Fig. 7 DH system with HEX1 and HEX2 (scenario 3)
Superscript 3 represents domestic hot water side

HPZIEX =(1- T HEX )HI]L{EX )

Usually, for a well-insulated heat exchanger, the
overall heat loss is less than 1% of the total heat
transfer. For all of the heat exchangers mentioned in
this study (HEX, HEX1, HEX2, and HEX3), we as-

sumed that the ratio of heat loss (H, ) to the total

heat transfer (H),) is 0.01 and the allowable min-

imum temperature difference during the heat ex-
change of hot and cold fluids is not less than 5 °C.

3.2 Circulating pump

Circulating pumps are arranged on both sides of
a DH system to guarantee water circulation. Conven-
tionally, the circulating pumps are driven by electric
motors. The electricity consumed by the circulating
pumps, E,ump (kW), can be written as
P

— pumPMp“mD , (10)

M 100077,,,,0
where #pump is the pump efficiency; Ppump is the
pressure head of a circulating pump, Pa; Myump is the
mass flow rate of water, kg/s; p is the density of water,
kg/m’.

Generally, higher pump efficiency (#pump=
70%—-80%) can be expected for high capacity water
pumps on the primary side. Lower pump efficiency
(Mpump=60%—70%) is for the low capacity water
pumps on the secondary side.

For a DH system with an ORC, the expander
output power can be used directly to drive the circu-
lating pumps. No electric generator and/or electric
motor are needed in the substations. If the supply of
ORC output power far exceeds the energy consump-
tion in the pumps, then the excess power can be used
to drive the heat pumps, etc. In this study, the output
power of the ORC is only used to drive the circulating
pumps.

3.3 Organic Rankine cycle

Two configurations of new LTDH systems, an
ORC combined in series or parallel arrangements
with a heat exchanger in a substation, are shown in
Fig. 8 and Fig. 9, respectively.

The supply hot water on the primary side serves
as heat source for the ORC evaporator and the
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secondary return water serves as cold source for the
ORC condenser. If we take the heat loss into account,
the energy balance on the steady-state ORC system
can be written as

1 2
HORC = HORC + WORC + Hl,ORC’

(11)

7-1|n,ORCl Tzou(.opc
Primary Secondary
side side
--H'ore-> ORC - Hore->
~Hiorc™
""Wpump’* ----Worc-+
T1out.ORC thin,OR
4 >
T in,HEX TZout,HEX
"”HﬂHEX’* HEX ""HZHEX’*
T ot HEX T Hex
Pump’ Pump?

Fig. 8 DH system with HEX and ORC in series connection
(scenario 2)

Primary side (B) Secondary
7 7 side
JORC LORC
" o T'inext T outHEXT
~H'oreH] ~H ore>
“Woum ORC | ~Hiore=H'wexr| HEX |-H hexr
= Wore™
T ouore Tin.ore 7
! it HEX[1
{T1’"-HEX3l TTzout.HEXZ AS * sz'HEm
I I
g, 7 |HE|HE| T3 E Tap water
: X3|x2 L (5°C)
T mid In]
3 ! £y
3 T outHexg Tinsexe <
@ F’ump2
F’ump1 @

Fig. 9 DH system with HEXs and ORC in parallel con-
nection (scenario 4)

T: temperature; H: heat; W: power. Subscripts: in: inlet; out:
outlet; I: heat loss; mid: middle

The cycle efficiency of ORC, 7, ogc» 1S mainly

due to the working fluid, system scale, and operating
temperature. For the high supply temperature
(120 °C) on the primary side and low return temper-
ature (30 °C) on the secondary side of a DH system,
up to 16% of the heat absorbed is turned into the
output power of the ORC (Worc) (Quoilin et al.,
2013). In this study, the performance of an ORC

system was carried out on the basis of practical ref-
erence research instead of theoretical calculation. A
lower ratio of the output power generated to the heat
absorbed, 10%, for an ORC system is adopted here:
WORC = 77W,0RCH10RC = 10%H10RC' (12)

The heat losses of an ORC system (H, orc) to the
environment were estimated to be equal to 1% of the
heat transferred from the primary side to the second-
ary side:

Hl,oRC = Thorc (HIORC —Wore)- (13)

According to the investigation of Quoilin et al.
(2013), if R245fa is used as the working fluid of an
ORC system and the temperatures of heat/cold
sources are about 90-150 °C/30 °C, the power con-
sumed by the working fluid pump is equal to 4%—8%
of the expander output power. The temperatures of
hot supply water on the primary side and cold return
water on the secondary side in a DH system are ex-
actly fit for the operation of ORC.

In this study, the temperatures of heat source and
cold source for ORC were 100-120 °C and 10-30 °C,
respectively. If the ratio of the power consumed by
the working fluid pump (W,orc) to the expander
output power (Worc) is described as #, orc, then

/4

p,ORC — 77p,0RcW0Rc- (14)
The net output power of ORC (Wyet 0rc) can be writ-
ten as

74

net,ORC —

w

ORC

/4

P.ORC (15)
Hereinafter, the value of 7, orc is assumed to be 8%
according to Quoilin et al. (2013).

4 Case study

An ORC combined in series or parallel ar-
rangements with a heat exchanger in a substation are
shown in Fig. 8 and Fig. 9, respectively. Two cases
were carried out to explain the operation and feature
of the two configurations of DH systems with an
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ORC. Comparison between the performances of the
DH substations with and without ORC is presented in
case 1 (an ORC combined in series with a heat ex-
changer) and case 2 (an ORC combined in parallel
with a heat exchanger), respectively.

A larger temperature difference between the heat
and cold sources yields a higher power output when
keeping all else unchanged. In the following cases,
the temperature differences between the heat and cold
sources of the ORC systems were over 80 °C.

4.1 Case 1: in series connection

Case 1 was performed on designing a substation
for a hypothetical DH area, 100000 m’. Assuming
that only space heating was required for the area and
the average heat load was 50 W/m?, the total heating
demand of the area was 5000 kW. Fig. 6 shows the
diagrammatic sketch of a substation with only one
HEX (scenario 1). Fig. 8 shows the diagrammatic
sketch of a substation with an ORC combined in se-
ries with a HEX (scenario 2).

4.1.1 Substation without ORC (scenario 1)

Here, in design operating conditions, the supply/
return water temperature on the primary side was
assumed to be 120 °C/40 °C and the water flow rate
was 54 t/h (15 kg/s); the supply/return water temper-
ature on the secondary side was 50 °C/30 °C and the
water flow rate was 216 t/h (60 kg/s); the ratio of heat
loss to the total heat transfer in a heat exchanger,
N1 HEX, Was 1%.

For the substation shown in Fig. 6, the calculated
parameters based on the energy balance (Egs. (6)
—(9)) of the HEX are presented in Table 2.

As shown in Table 2, heat absorbed via the heat
exchanger on the secondary side was 5003.364 kW,
which would meet the design requirement (5000 kW).
In addition, electricity from the electrical grid was
required to drive the circulating pump in the substa-
tion. Energy consumption of the pump on the sec-
ondary side is related to network layout and the op-
eration condition of the DH system. In North China,

energy consumption of a pump on the secondary side
is ranged from 0.1 to 0.3 W/m’. Therefore, the total
energy consumption of the pump on the secondary
side, Ezpump was 10-30 kW for case 1. If distributed
variable-speed pumps were adopted on the primary
side, then there must be electricity consumption on
the primary side. The energy consumption of the
pump on the primary side is due to the hydraulic head
requirement of the pump. Usually, the hydraulic head
requirement of a primary distributed variable-speed
pump is no more than 1.0 MPa. Assuming that the
pump efficiency, #pump, Was 0.75, the water flow rate
on the primary side was 54 t/h (15 kg/s), the density of
water was 992.4 kg/m® (40 °C), and the hydraulic
head requirement of the pump was 1.0 MPa, then the
electricity required for the pump on the primary side
can be calculated as

1 — pllgumle
P 100077,0,0"
1.0x10°x15

~1000x0.75x992.4
=20.153 kW.

(16)

Thus, when distributed variable-speed pumps were
adopted on the primary side, the total electricity
consumption for driving pumps (XEump (kW)) on the
primary and secondary sides in the substation was
calculated as

SE  =E' +E?

pump pump pump

=(30.2-502)kW. (17)

4.1.2 Substation with HEX and ORC in series con-
nection (scenario 2)

For a substation with an ORC combined in series
with a HEX (Fig. 8), the hot supply water on the
primary side flows first into the ORC evaporator and
then into the HEX. The calculated parameters based
on the energy balance (Egs. (11)—(15)) of the ORC are

Table 2 Energy balance in HEX of substation without ORC (case 1)

Network side M}, (th)  C, (kl/kg) Thuex (°C) Tonex (°C) H}p (kW) E e (KW)
Primary 54.00 4212 120.00 40.00 5053.903 <20.153
Network side M., (th)y  C, (kl/kg) Tl ex (°O) Toex (°C) H}py (kW) E.. (kW)
Secondary 216.00 4.179 30.00 49.96 5003.364 10.00-30.00
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presented in Table 3. Here, the energy conversion
efficiency (#worc) is 10%; the ratio of power con-
sumed by the working fluid pump to the expander
output power (1, 0rc) is 8%; the ratio of heat loss to
the heat transferred from the primary side to the
secondary side (77.,0rc) is 1%.

As shown in Table 3, the calculated outlet water

temperature of the ORC condenser, T, oz Was

32.26 °C, which was only 2.26 °C higher than the
designed return temperature (30 °C) on the secondary
side. The low cooling temperature for the ORC con-
denser would help to keep the ORC operating stably.

After flowing out of the ORC evaporator, the hot
water on the primary side flows into the HEX to heat
up the return water coming from the ORC condenser
on the secondary side. For the substation shown in
Fig. 8, the calculated parameters based on the energy
balance (Egs. (6)—(9)) of the HEX are presented in
Table 4.

As shown in Table 4, the calculated heating

temperature at the secondary side (T ) Was

49.69 °C, which was 0.31 °C lower than the designed
heating temperature (50 °C).

The results above showed that the integration of
an ORC would have a little effect on the amount of
heat transfer in the DH system. Thus, the integration
of an ORC in series with HEX can meet the heating
requirements without changing the designed heating
parameters on the primary side.

However, if the heating temperature at the sec-
ondary side was strictly required to be 50 °C, it would
help to increase the supply temperature or flow rate

on the primary side slightly, which will be discussed
in the next section.

According to the values shown in Tables 3 and 4,
the total heat released from the supply hot water on
the primary side to the ORC and HEX (H') is

H'=H|

ORC

+ H . =5049.9 kW. (18)
The heat absorbed by the return water on the
secondary side (H°) is
H?=Hl + Hpy =4936.022kW.  (19)
Comparing the DH system without and with
ORC shown in Fig. 6 and Fig. 8, the heat absorbed by
the return water on the secondary side in scenarios 1
and 2 was 5003.364 kW and 4936.022 kW, respec-
tively. The impact of the integration of an ORC (in
series with the HEX in a substation) on the heat ab-
sorbed by the return water on the secondary side can
be calculated by

5003.364 —4936.022
5003.364

=1.35%.

The total electricity consumption for driving
pumps (ZEpump=(30.2-50.2) kW) was lower than the
net output power of ORC (W,,=58.478 kW). The en-
ergy required to drive the circulating pumps on both
primary and secondary sides of a DH system can be
provided by the ORC output power. That is to say, the
output power of an ORC can be used directly to drive

Table 3 Energy balance in a substation with an ORC combined in series with a HEX (for ORC, case 1)

Network side Mge (t/h) C, (Kl/kg) Thore (°C) Twore (°C) Hope (kW)
Primary 54.00 4.238 120.00 110.00 635.700
Network side M e (t/h) C. (klkg) T2 ore (°C) Trore (°C) Hipe (KW)
Secondary 216.00 4.179 30.00 32.26 566.672
Device H e (kW) Worc (kW) Woump (KW) Waet (kW)
ORC 5.721 63.560 5.085 58.478

Table 4 Energy balance in a substation with an ORC combined in series with a HEX (for HEX, case 1)

Network side My (U/h) C, (kl/kg) Touex (°C) Tpex (°0) Hipy (kW)
Primary 54.00 4.204 110.00 40.00 4414.20
Network side MZ.. (th) C? (kl/kg) Towex (°C) T2oex (°O) Hy (KW)
Secondary 216.00 4.178 32.26 49.69 4369.35
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the circulating pumps in the substation without using
a generator and a motor.

Thus, the ORC system can take advantage of the
exergy stored in the high temperature difference be-
tween the primary and secondary sides of a LTDH
system.

4.2 Case 2: in parallel connection

Case 2 was performed on designing a substation
for a hypothetical DH area of 35000 m”. The average
heat load for space heating was 50 W/m®. The total
space heating demand of the area was 1750 kW. Hot
water is also needed in this area with a water flow rate
of 7.2 t/h and water temperature 55-60 °C. Fig. 7
shows the diagrammatic sketch of a substation with
only two HEXs (scenario 3). Fig. 9 shows the dia-
grammatic sketch of a substation with an ORC com-
bined in parallel with a HEX (scenario 4).

4.2.1 Substation without ORC (scenario 3)

Here, the hot supply water on the primary side
flows firstly into the HEX3 and then into the HEX2. In
design operating conditions, the supply/return water
temperature on the primary side was assumed to be
120 °C/40 °C and the water flow rate (M) was 24 t/h
(6.67 kg/s); the supply/return water temperature on the
secondary side for space heating was 50 °C/30 °C and
the water flow rate (M) was 79.20 t/h (22 kg/s). The
heat exchanger HEX2 was used to warm up the heat-
ing water on the secondary side to 50 °C for space
heating. The heat exchanger HEX3 was used to heat
up the tap water (5 °C) to 55—60 °C to supply domestic
hot water (flow rate M°=7.20 t/h). The ratio of heat
loss to the total heat transfer in either HEX2 or HEX3
was assumed to be 1%.

For the substation shown in Fig. 7, the calculated

—(9)) of the HEX3 and HEX2 are presented in
Table 5.

As shown in Table 5, the tap water was heated
from 5 °C to 55 °C. The heating water on the sec-
ondary side was warmed from 30 °C up to 49.03 °C,
which was slightly lower than the designed heating
temperature (50 °C). Thus, the system shown in Fig. 7
can meet the space heating and domestic hot water
requirements. The total heat absorbed for space
heating and domestic hot water supplement from the
HEX?2 and HEX3 was 1749.600 kW. The return water
temperature on the primary side was 42.25 °C. The
system output can meet the design requirements.

As discussed in Section 4.1.1, electricity from
the electrical grid was required to drive the circulating
pump and the energy consumption of a heating pump
on the secondary side is ranged from 0.1 to 0.3 W/m®.
Therefore, the total energy consumption of the heat-
ing pump on the secondary side, E’pump Was 3.5—
10.5 kW for case 2. In addition, a pump is arranged
for the circulation of domestic hot water. Assuming
that the electricity consumption of the domestic hot
water pump (E° pump) 1S as proportional to the design
flow as that of the space-heating water pump, then

3 .
E, ., canbe described as

E3 _M3 2

pump Mz pump *

(20)
The calculated Epymp was 0.318-0.955 kW (de-
sign flow: M>=79.2 t/h, M°=7.2 t/h). The total elec-

tricity consumption for driving pumps (ZEpump (kW))
on the secondary sides was calculated by

parameters based on the energy balance (Egs. (6) 2E iy = Eﬁump + ESump =(38-1L5)kW. (21
Table 5 Energy balance in HEX3 and HEX2 in the substation without ORC (case 2)
Primary side Mipo W) G kg Touwg O Tumo (O Higg (kW)
HEX3 24.00 4.234 120.00 105.04 422.300
Domestic hot water Mo Wh) Gy (kg)  Toupe OO Tnume O Hiwg (kW)
7.20 4.192 5.00 55.00 419.200
Primary side Mg, Wh) Gy (kg) oo O Togwe O Hipy, (kW)
HEX) 24.00 4.198 105.04 42.25 1757.300
Secondary side My (t/h) 61: (kJ/kg) Z:,HEXZ (°O Toimsxz (°0) Hypy, (kW)
(for space heating) 79.20 4179 30.00 49.03 1749.600
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Note that the electricity consumption of the dis-
tributed variable-speed pump on the primary side was
not included in case 2. The reason is that less hot
supply-water on the primary side flowing through the
ORC evaporator will lead to less expander output
power when an ORC is combined in parallel with a
HEX. The expander output power will be only used to
meet the pump energy consumption on the secondary
side to drive space heating and domestic hot water
circulating pumps.

4.2.2  Substation with HEX and ORC in parallel
connection (scenario 4)

An ORC and a HEX working in parallel in a
substation are especially fit for the needs of both
space heating and domestic hot water. Two heat ex-
changers: HEX2 and HEX3 were adopted to heat up
the tap water. As shown in Fig. 9, on the primary side,
the hot supply water (M") flows in a bifurcate and the
water flows will be oriented towards the ORC

M.,.) and the HEX1 (M,,), respectively. After
flowing out of the ORC, the water flow MIORC will

pass through the HEX3. On the secondary side, the
cold return water (MZ) will separate into two flows,

which will be oriented towards the HEX2 (M},,)

and the HEX1 (M}.,). After flowing out of the

HEX2, the water flow MzHEXZ will pass through the
ORC. In addition, the tap water (M) will flow in
series into the HEX2 and HEX3 to supply domestic
hot water for users. We assume that the ratio of heat
loss to the total heat transfer in each heat exchanger
was 1%. For the substation shown in Fig. 9, the cal-
culated parameters of the ORC based on the energy
balance (Eqgs. (11)—(15)) are presented in Table 6.

As shown in Table 6, on the secondary side, the
return water will be cooled first by the low tempera-
ture tap water to 10 °C in the HEX2 and then be
warmed to 25.03 °C in the ORC. Here, lower cooling
temperature will be of benefit for the capacity of the
ORC module.

The calculated parameters based on the energy
balance of the HEX1, HEX2, and HEX3 are presented
in Table 7.

Table 6 Energy balance in the substation with an ORC combined in parallel with a HEX (for ORC, case 2)

Network side M. (t/h) C, (kl/kg) T ore (°C) Toiore (°C) Hope (kW)
Primary 6.00 4.231 120.00 100.00 141.033
Network side MéRC (t/h) C’j (kl/kg) mORC (°O) ijORC (°C) HéRC (kW)
Secondary 7.20 4.187 10.00 25.03 125.861
Device Hiore (kW) Wore (kW) W pump (KW) Woet (KW)
ORC 1.269 14.102 1.128 12.974

Table 7 Energy balance in a substation with an ORC combined in parallel with a HEX (for HEX1, HEX2, and

HEX3, case 2)

Primary side M. Wh) G, (ki/kg) Thwexi (°C) Thex (°C) Hpx, (kW)

HEX 18.00 4212 120.00 35.00 1790.100
Secondary side M ém (t/h) é,f (kJ/kg) Ti,iam °0) ]:jn.HEXI °O H ﬁmm (kW)

(for space heating) 72.00 4.180 30.00 51.20 1772.320
Secondary side Mgy, (t/h) é; (kJ/kg) T, mexe (°C) oulHEXZ °C) Hypy, (kW)

HEX) (for space heating) 7.20 4.186 30.00 10.00 167.440
Domestic hot water Moo (thy  C. (klkg) T exe (°C) Tyuexa (°C) Hex, (KW)

7.20 4192 5.00 24.72 165.332
Primary side Mo Why G, (ki/kg) Ty s (°C) Tonexs (°C) Hippxs (KW)

HEXS 6.00 4.199 100.00 60.00 279.933
Domestic hot water Ms‘EX3 (t/h) Es (kJ/kg) Tij‘,HEx3 (OC) TOSm,HEx3 (OC) H]‘:EXB (kW)

7.20 4.181 24.72 57.86 277.117
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As shown in Table 7, the tap water was heated
from 5 °C to 57.86 °C via the HEX2 and HEX3,
which would meet the need of domestic hot water.
The temperature of domestic hot water was 2.86 °C
higher than in scenario 3. As shown in Fig. 9, the split
hot supply water on the primary side flows (M orc
and MIHEXI) through the ORC and the HEX1 sepa-
rately at first and then joins at point A. The enthalpy

of the return water at point A on the primary side, 7, ,

can be calculated by Eq. (22). Its temperature can be
obtained via the property diagram of water. The pa-
rameters of the return water at point A on the primary
side are listed in Table 8. As shown in Table 8, the
return water temperature on the primary side was
41.25 °C, which was slightly higher than the design
value (40 °C).

1 1 1 1
hl _ hout,HEX3MHEX3 + hout,HEX]MHEX] 22
AT Ml Ml 5 ( )
HEX3 + HEX1
1 1 :
where Ay, ey and ey, are the enthalpies of the

hot supply water at the outlets of HEX3 and HEX1 on
the primary side, respectively; M, and M}, are
the mass flows of hot supply water passing through

HEX3 and HEX1 on the primary side, respectively.
As shown in Fig. 9, the split return water flows

(M., and M;.,) on the secondary side passing

through the HEX2 and the HEX1 separately at first
and then joins at point B for space heating. The en-
thalpy of the supply water at point B on the secondary
side can be calculated by Eq. (23). Its temperature can
be obtained via the property diagram of water. The
parameters of the supply water at point B are listed in
Table 8.

The temperature of the supply water on the
secondary side was 48.82 °C, as shown in Table 8,
which was slightly lower than the design value
(50 °C). The temperature was 0.21 °C lower than that
in scenario 3 (49.03 °C, Table 5).

2 2 2 2
1 _ MouorcM ore T Mournexi M nexi

. h M ) +h : M
Mo + M

ORC HEX1

, (23)

where h, orc and A, ey, are the enthalpies of the

cold return water at the outlets of ORC and HEX1 on

the secondary side, respectively; M7,. and M].,,

are the mass flows of cold return water passing
through ORC and HEX1 on the secondary side, re-
spectively.

A comparison of the parameters for space heat-
ing, domestic hot water, and the supply/return water
on the primary side with and without ORC in case 2 is
given in Table 9.

As shown in Table 9, for the temperatures of the

return water on the primary side (7,

ut

), the space
heating water (7.,) and the domestic hot water

out
(T,

~.) on the secondary side, there were only small
differences between the DH substations with and
without ORC in case 2 if the water flows were kept
constant. For the DH substation without ORC, the
total heat absorbed for space heating and domestic hot

water was calculated as
H* + H* =1749.600 + 419.200 = 2168.800 (kW).

For the DH substation with an ORC combined in
parallel with a HEX, the total heat absorbed for space
heating and domestic hot water supply was calculated
as

Table 8 Parameters of the primary return water at point A and the secondary supply water at point B

Point A My (th) Tosiexs (°C) Bousiexs (KI/kg) hy (k/kg) I, (°0)
6.00 60.00 251.558 173.206 41.25
My, (t/h) Ty (°C) hosixi (kI/kg)
18.00 35.00 147.089
Point B Mye (t/h) Tywore (°C) Bowore (KI/kg) hy (k/kg) T; (°0)
7.20 25.04 105.412 204.846 48.82
My (th) Tpexs (°C) howsiex (KI/kg)
72.00 5120 214.783
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H? + H’ =1730.431+442.904 = 2173.335 (kW).

Then, the impact of ORC on the total heat ab-
sorbed for space heating and domestic hot water
supply was

|2168.800—2173.335|
| 2168.800 |

0.209%.

The result showed that the integration of ORC in
a DH substation would have only a minimal effect on
the space heating and domestic hot water supply.

In addition, electricity from an external power
grid was needed to drive the circulating pumps in a
DH substation without ORC (scenario 3), while the
net output power of the ORC was enough for pump
driving in scenario 4.

In case 2, the return water (for space heating) on
the secondary side was cooled down to 10 °C by the
tap water in the HEX2, and this showed positive ef-
fects on the performance and operational reliability of
the ORC. Accordingly, the tap water was preheated in
the HEX2.

5 Discussion
5.1 Primary supply water temperature

The integration of an ORC in a DH substation
will take full advantage of the high temperature dif-
ference between the primary and secondary sides of a
DH system. The expander output power of an ORC
can be used to drive the circulating pumps for saving
electricity from the grid. Considering that the DH heat
supply is generally two orders of magnitude greater

than the energy consumption of the circulating water
pumps, the integration of an ORC in a DH substation
will have a minimal impact on space heating and
domestic hot water supply.

However, the results of the case studies showed
that if an ORC was integrated, the total heat absorbed
on the secondary side for space heating and domestic
hot water would be slightly decreased when the total
heat released from the primary side is kept constant. If
the total heat absorbed on the secondary side for space
heating and domestic hot water needed to fully meet
the users’ requirement, there must be more heat re-
leased from the primary side to compensate for the
heat transferred into work via ORC.

There are three ways to increase the heat re-
leased from the primary side. The first way is to in-
crease the flow rate of the supply water on the primary
side, which will lead to higher power consumption of
the circulating pumps and even hydraulic imbalance.
The second is to decrease the temperature of the re-
turn water at the primary side, which will lead to the
improvement of the heat efficiency at the primary
side, the need of a larger heat transfer area and stable
return temperature on the secondary side. The third
way is to slightly raise the temperature of the hot
water on the primary side.

The third way was adopted to keep the total heat
absorbed on the secondary side to fully meet the us-
ers’ requirement. Case 1 (a substation with an ORC
combined in series with a HEX) was taken as an
example. As shown in Table 3, the calculated heating
temperature at the secondary side was 0.31 °C lower
than the designed heating temperature (50 °C) when
the expander output power was 63.560 kW. To keep
the heating temperature at the designed value (50 °C),
the temperature of the hot water on the primary side

Table 9 Comparison between DH substations with and without ORC (case 2)

On the primary side On the secondary side
DH system ] ; . 1 2 2 2 2
M (hy T, (C) T, (°C) H (kW) M (th) L, O T, CC)  H (kW)
Without ORC 24.0 120 42.25 2191.100 79.2 30 49.03 1749.600
With ORC” 24.0 120 41.25 2211.000 79.2 30 48.82 1730.431
Domestic hot water Substation
DH system P PR 3
M (h)y T, (CC) T (C) H (W)  Epmp kW) Woe (kW)
Without ORC 7.2 5 55.00 419.200  3.8-11.5 -
With ORC” 7.2 5 57.86 442904  3.8-11.5 12.8

" ORC combined in parallel with a HEX in a substation
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must be raised. For the substation shown in Fig. 8, the
calculated parameters based on the energy balance of
the ORC and HEX are presented in Table 10.

As shown in Table 10, the temperature of the hot

supply water (7.

inorc) on the primary side should only
be 1.2 °C higher to keep the heating temperature at the
designed value (50 °C). The small increment for the
hot supply water on the primary side will not decrease
the heat efficiency of the combined heat and power
plants or gas-fired/coal-fired boilers. In addition, if
industrial surplus heat or renewable energy serves as
the heat source, a suitable ORC system should be
selected to fit the temperature of the hot supply water
(80-85 °C) on the primary side (Bao and Zhao, 2013).
In this situation, the expander output power of the
ORC can be used to drive not only the circulating
pumps but also the heat pump. For a LTDH, heat
pumps are usually adopted to heat domestic hot water
(Yang et al., 2016¢). The study on a low temperature
ORC will be carried out in our future work.

5.2 Series vs. parallel circuits

In case 1, the calculation was carried out for a
substation with an ORC combined in series with a
HEX. As shown in Fig. 8, the hot supply water on the
primary side flows first into the ORC evaporator and
then into the HEX. In this condition, the net output
power of the ORC was much higher than the power
needed for driving circulating pumps on the primary
and secondary sides. Therefore, an ORC combined in
series with a HEX is suitable for a DH substation with
high-energy consumption in pumps. If domestic hot

water is required, tap water (5 °C) can be designed to
absorb successively the heat from the return water on
the secondary side. An improved configuration of the
LTDH integrated with ORC in series connection can
be organized as shown in Fig. 10. In this configura-
tion, the temperature of water flowing into the ORC
condenser will be colder, which is helpful for keeping
the ORC system operating stably.

T m,ORCl T?out0RC
Primary side Secondary side
—H'ore—> ORC —Hore—>
""""" Hiorc#
— Woump—® Worc—»
T outord AT nore
Thintexs | Tourexa
HEX3 | HEX2 M Tap water
Tsout Tlmia 7—sin (G )
T1oul.HEx3 Tzlin,HExz
T'inrex T outHEX -
H'vex—> HEX H ex—
y T outHeX T in HEX WP
Pump’ Pump?

Fig. 10 An improved configuration for a LTDH inte-
grated with an ORC in series

Table 10 Energy balance in a substation with an ORC combined in series with a HEX (case 1, Section 5.1)

For ORC

Primaryside — p70 wh) G (kke)  Thore CO)  Togore O Hie (kW)
54.00 4.240 121.20 111.20 635.900
Sec;gjafy Mie Wh)  Cp (kIkg)  Tlowe O Thowe (O Hipe (kW)
216.00 4.179 30.00 32.26 566.672
ORC Higre kW) Wore kW) Wi (kW) Woee (kW)
5.721 63.560 5.085 58.473
For HEX Primary side  p7i,  (t/h) Co (Kkg)  Thyex CO) Thywe CO) Hipy (kW)
54.00 4.204 111.20 40.00 4489.870
Secondary My (Uh) C, (Kkg)  Toux (O)  Thpe (O Hi (kW)
side 216.00 4.178 32.26 50.00 4447.060
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In case 2, the calculation was carried out for
configuration where an ORC is combined in parallel
with a HEX, where only part of the supply hot water
on the primary side and return water on the secondary
side flowed through the ORC devices. In such parallel
circumstance, the ORC system and the HEX1 will
have no interaction with each other. Designers can
determine the share of water flowing into the ORC
and the HEX1 flexibly according to the practical
heating demand. In addition, the net output power of
the ORC in case 2 (in parallel) will be less than that in
case 1 (in series). Therefore, an ORC combined in
parallel with a HEX is more suitable for a DH sub-
station with low energy consumption in pumps.

6 Conclusions

In this paper, the idea that LTDH systems can
integrate with an ORC to exploit the larger tempera-
ture difference between the primary and secondary
sides of DH was proposed and analyzed. First, the
simplified thermal models for the devices as heat
exchanger, circulating pump, and ORC module were
presented. Two configurations whereby an ORC
system can be integrated with a LTDH system in
series or parallel connection were proposed. Then two
studies were carried out to analyze the thermody-
namic performance of the LTDH systems integrated
with or without an ORC. Finally, the effects on pri-
mary supply water temperature variation by the pro-
posed systems were discussed. An improved config-
uration for series connection was also presented.

1. The large temperature difference between the
primary and the secondary sides of a DH system (such
as 120 °C to 30 °C) offers available energy for ex-
ploitation, and this is just suitable for an ORC. The
expander output power of an ORC can be directly
used to drive the local circulating pumps to reduce
electricity consumption. The LTDH system with an
ORC is an integrated cascade energy utilization
system.

2. The integration of an ORC in the DH system
has little impact on the heating supply temperature.
The integration of an ORC in series and in parallel
with the HEX in a substation led to a 1.35% and
0.209% decrease on the value of heat absorbed by the
return water on the secondary side, respectively. The

expander output power of the ORC was enough to
drive the DH circulating pumps in these cases.

3. For the configuration where an ORC is com-
bined in series with a HEX, the hot supply water on
the primary side flows first into the ORC evaporator
and then into the HEX. It is suitable for a DH substa-
tion with high-energy consumption by pumps. In case
1 (a hypothetical DH area, 100000 m?), the calculated
heating temperature on the secondary side was
0.31 °C lower than the designed value (50 °C).
However, the net output power of the ORC was
58.478 kW for driving circulating pumps. If main-
taining the heating temperature at the designed value
(50 °C) is required, the temperature of the hot supply
water on the primary side should only be raised by
1.2 °C.

4. For the configuration where an ORC is com-
bined in parallel with a HEX, only part of the supply
hot water on the primary side and return water on the
secondary side flowed through the ORC devices. The
ORC system and the HEX1 in parallel will not lead to
interaction effects on their own thermodynamic per-
formance. An ORC combined in parallel with a HEX
is suitable for a DH substation with low energy con-
sumption in pumps or with the need for domestic hot
water. In case 2 (a hypothetical DH area, 35000 m?),
the calculated heating temperature at the secondary
side was 1.18 °C lower than the designed heating
temperature (50 °C). However, the temperature of
domestic hot water was 2.86 °C higher than the de-
signed value (55 °C). The net output power of ORC
was 12.974 kW for driving circulating pumps.

In this paper, a new LTDH system with an ORC
integrated in the substations was proposed and ana-
lyzed. The feasibility of the proposed system is the-
oretically reasonable. However, most ORC systems in
operation cannot be commercially applied in this
manner at present. The economic technical analysis
will be added to consolidate the real practice of the
proposed system in our work in the near future.
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