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Abstract. Small Modular Lead-based Reactor (SMLR) has generated great interest in academic research all 
around the world due to its good safety characteristics and relatively high core outlet temperature. In this 
paper, a Combined Cooling Heating and Power (CCHP) system with usage of absorption heat pump, which 
couples with a SMLR, was proposed to fulfill the energy demands in remote areas. Thermodynamic analysis 
was implemented to improve the performance of the CCHP system based on SMLR. To meet the remote areas’ 
energy needs, the main parameters and mass flow rate of a 35 MWth SMLR design were analyzed. The SMLR-
CCHP with absorption heat pump system can provide electric power 12.5MWe, heating 9.5MWh, and cooling 
2.54MWc. The total energy utilization efficiency of the system can be 69.12 %. This work can provide a 
reference in the design and optimization of the CCHP system to meet the energy demands in the remote areas. 

1 Introduction 

The Lead-based Fast Reactor is expected to firstly achieve 
the industrial demonstration and commercial application 
in all of the fourth-generation nuclear power systems. 
Compared to other nuclear power systems, the coolant in 
the Small Modular Lead-based Reactor (SMLR) is 
chemically inert, the system operates at atmospheric 
pressure. Therefore, it has the characteristic of high 
security. Liquid alloy has very good heat transfer ability, 
the layout is compact and flexible, which makes the 
SMLR-based Combined Cooling Heating and Power 
(CCHP) system flexible in the site selection [1]. The 
system is suitable for a variety of complex geographic 
environments. The refueling cycle of SMLR is close to ten 
years, which makes it more sustainable and stable than 
other prime movers for CCHP systems. Besides, the high 
coolant outlet temperature can achieve high energy 
utilization, which well applies for remote areas [2]. 

There are some researches on the SMLR 
comprehensive utilization systems. Up to now, the 
existing studies about SMLR are only in the initial stage, 
there is no mature design of SMLR-CCHP. Institute of 
Nuclear Energy Safety Technology (INEST), the Chinese 
Academy of Sciences (CAS) carried out the concept 
design development of CCHP system driven by SMLR. 
Khan [3] proposed the conceptual design of a new double 
reheat high-efficiency power generation system and 
carried out parameter optimization analysis. Xu [4] 
proposed a preliminary design of the cogeneration system 
for SMFR with the extraction-condensing and back-

pressure cogeneration type, pointing out the optimization 
direction of system integration for the Lead-cooled Fast 
Reactor. Existing researches focus on to improve the 
electricity/power generation and heating efficiency. 

As an energy-saving technology, absorption heat pump 
is widely used in low temperature waste heat utilization. It 
uses a small amount of high temperature heat source (such 
as steam, high temperature hot water, combustible gas 
combustion heat, etc.) as the driving heat source to 
produce a large amount of useful heat energy at medium 
temperature then improve the efficiency of heat energy 
utilization [5]. The SMLR system discharges large 
amounts of low-temperature cooling water with abundant 
low-level energy. Lithium bromide absorption heat pump 
can use this low-level energy and convert it into usable 
high level heat energy [6]. Li [7] proposed a new type of 
district heating method based on Co-ah cycle and designed 
to improve both the capacity of heating system and the 
energy efficiency of Cogeneration plant. Zhao [8] 
developed a theoretical model of the LiBr-H2O absorption 
heat pump system, and simulated the thermodynamic 
cycle of the heat pump system, indicating that COP and 
pyrotechnic efficiency can be used for performance 
analysis of absorption heat pumps. 

This paper designs CCHP systems with absorption 
heat pump based on SMLR for remote areas. 
Thermodynamic calculations are performed to analyze the 
parameters for the second circuit and study the effect of 
drive steam, outlet temperature of the hot water on the 
efficiency of the absorption heat pump. Derive the 
efficiency of the CCHP system at the optimal parameters. 
This work can provide a reference in the design and 
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optimization of the SMLR-CCHP for remote areas. 

2 Materials and Methods 

2.1. Design parameters of SMLR  

We have proposed the SMLR with 35MW because of its 
ultra-small and high-efficiency technical characteristics. 
The main design parameters of the SMLR for the CCHP 
are listed in Table 1. 

Table 1. Main parameters of the SMLR 

Parameters Value 

Reactor Thermal 
Power, MWth 

35 

Lead In/Out 
Temperature from 

Core,℃ 
375/495 

Water In/Steam 
Out Temperature 

from SG,℃ 
340/470 

Secondary Cycle 
Pressure, MPa 

16.0 

 
The maximum electricity, cooling and heating demand 

is shown in Table 2. 

Table 2. Energy demands of the remote areas 

 
Electricity 

(MW) 
Heating 
(MW) 

Cooling 
(MW) 

Value 12 9 2 

 
Some assumptions on parameters are given as shown 

in Table 3, including the turbine efficiency, absorption 
chillers efficiency, and heater efficiency. 

Table 3. Assumed fundamental parameters 

Parameters Value 

Isentropic 
efficiency of HP 

turbine 
0.8 

Isentropic 
efficiency of LP 

turbine 
0.7 

Absorption chills 
COP 

1.1 

Heater efficiency 0.95 

2.2 Design of CCHP system based on SMLR  

The CCHP system usually consists of a power generation 
system, heat recovery system and cooling system. The 
SMLR is used as the thermal power source for the CCHP 
system. Heating is mainly used to supply the high-
temperature industrial steam and domestic hot water. The 
cooling system has two forms: steam absorption chiller 
and electric compression chiller. The steam outlet 
temperature of LP turbine is appropriate for a double-
effect absorption chiller [9].  

The steam at the outlet of the second circuit is mainly 
divided into three parts. i) steam works in the HP and LP 
turbines, then convert mechanical energy into electrical 
energy, ii) steam at HP turbine exit is taken out and used 
to supply the heating for the residents iii) steam from the 
LP turbine heated exchange with the double absorption 
chiller to meet the cooling demand. The schematic of 
SMLR-CCHP is shown in Fig. 1. 

 

 
Fig. 1. Schematic design of the SMLR-CCHP Note: P(MPa), T (℃), m(kg·s-1) 

MS

GLPHP

 Absorption 
Chiller

RH Cold 
2.54MW

②
 

Deaerator

Power
11.52MW16P,470T

,21.187m 16.2P,340T
,21.187m

0.8P,287T
,1.1m

15.05P,460.77T
,3.9m

6.45P,330T
,2.98m

0.583P,247.32T
,0.44m

0.038P,74.76T,0.38m

0.176P,119.3T,0.415m

①
②
 

0.005P,32.87T,4.9m1

2

3

5

6

7’

9

①

District 
Heating

Heat 
9.5MW

15.52P,466T,19.29m

16P,470T,1.89m

4 1.55P,200T,4.97m

1.55P,200T,7.4m

8

2.8P,156.95T
,6.14m

2.8P,157T
,6.14m

10

1.519P,198.89T
,0.169m

16P,347.35T
,1.898m

1.5P,373T
,0.024m

4’  

6’

7

9’

AEECS 2021
E3S Web of Conferences 245, 01025 (2021) https://doi.org/10.1051/e3sconf/202124501025

2



The main parameters of cold, heat and electricity 
supply are shown in Table 4 

Table 4. The main parameters of cold, heat and electricity 

Parameters Value 

Reactor Thermal 
Power, MWth 

35 

Power, MWe 11.52 

Heating, MWh 9.5 

Cooling, MWc 2.54 

Pump, MW 0.37 

Efficiency, % 66.26 

 
Although the temperature of the steam at the outlet of 

the LP turbine is 32.87℃, the mass flow rate of the steam 
is up to 4.9kg/s, the steam has a large amount of usable 
heat. The energy of the steam will be wasted if cooled by 
air in condenser directly. Absorption heat pump can make 
the full use of the low-temperature waste heat from the 
condenser [10]. To improve the utilization of low-
temperature waste heat from SMLR-CCHP, it is necessary 
to optimize the parameters for better performance. 

2.3 Thermodynamic model of SMLR-CCHP and 
absorption heat pump  

The thermodynamic model is carried out for the system. 
Thermodynamic model of the system is based on the 
conservation of mass, energy, and momentum [11]. The 
parametric calculation of the SMLR-CCHP needs to be 
considered the mass flow rate, temperature, and enthalpy 
at each point of the system based on the pressure. 
The power produced by the HP and LP turbines of the 
SMLR-CCHP as follows: 

p hp lpW W W                      (1) 

The cooling process: 

 6 6 6` -  cW m h h                    (2) 

The heating process: 

 4 4 4` hW m h h                  (3) 

The compression process: 

   7 7 7` 9 9 9` ·cpW m h h m h h          (4) 

Thermal efficiency of the system: 

        /  t corWp Wc Wh Wcp Q       (5) 

2.4 Schematic Flow Chart and Thermodynamic 
model of Absorption Heat Pump  

Absorption heat pump mainly contains Evaporation, 
Absorber, Generator, Condenser four parts [12]. The basic 
principle is to utilize the difference in absorption 
characteristics between concentrated and dilute solutions 
of lithium bromide, recycling parts of the waste heat from 
condensate [13]. Schematic flowchart of the absorption 
heat pump shown in the Fig.2. 

 

Fig. 2. Schematic flowchart of the absorption heat pump 
 

Four basic parameters are set during the cycling of the 
lithium bromide absorption heat pump, driving the heat 
source at a pressure of 0.4 MPa. Condensate temperature 
is 32.87℃, The inlet/outlet temperature of the water for 
heating is 60/80 °C.  

The system makes full use of the low-temperature 
waste heat from the condenser to supply energy for the 
remote areas. To study the additional heating brought by 
absorption heat pump, the system maintains the same 
heating capacity and cooling capacity as the original 
system. Compared with the original system, low-
temperature steam at the condenser not cooled by the air 
directly but exchange the heat with the absorption heat 
pump. 
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Fig. 3. Schematic design of the SMLR-CCHP with heat pump 

3 Results & Discussion 

By introducing absorption heat pump, a large amount of 
low-temperature waste heat from LP turbine exhaust can 
be fully utilized. Compared with origin system, it provides 
theoretically an additional power of 1.04MWe. The 
SMLR-CCHP system can provide electric power 
12.56MWe, cooling 2.54MWc and heating 9.5MWh. The 
energy utilization rate of the system can be up to 69.2% by 
the addition of absorption heat pump. The parameters are 
shown in Table 5. 

Table 5. The SMLR-CCHP with absorption heat pump 
parameters 

Parameters Value 

Reactor Thermal 
Power, MWth 

35 

Driving Pressure, 
MPa 

0.4 

Inlet/Outlet hot 
water 

60/80 

Condensate 
Water,℃  

32.84 

Heat pump, COP  1.71 

Power, MWe 12.56 

Heating, MWh 9.5 

Cooling, MWc 2.54 

Pump, MW 0.39 

Efficiency, % 69.17 

 

4 Conclusions 

The overall thermal performance of the CCHP system 
based on SMLR is calculated. The thermal performance of 
the CCHP system with the heat pump is higher than the 
system without the heat pump. At the same cooling 
capacity and heating capacity, the generating power 
capacity increases from 11.52 MW to 12.56 MW. SMLR-
CCHP system with addition of absorption heat pump is 
suitable to meet the energy demands in the remote areas. 
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