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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

Bottoming thermodynamic systems based on supercritical carbon dioxide as working fluid (sCO2) are a promising technology to 
tackle the waste heat to power conversion at high temperature levels and that might outperform the conventional power units 
based on Organic Rankine Cycles. In fact, CO2 is an inexpensive, non-toxic, non-flammable, thermally stable and eco-friendly 
compound. Moreover, CO2 in its supercritical state shows an extreme increase in density that allows turbomachinery downsizing 
and a high cycle efficiency due to the reduced work required by the compression stage. In addition, supercritical CO2 permits a 
better temperature glide matching within the heat source which increases the overall efficiency of waste heat utilization. With the 
aim of identifying pro and cons of different sCO2 cycle layouts, this paper investigated four design Joule-Brayton configurations 
at increasing complexity: simple regenerative, with recompression, with reheating and with recompression and reheating. The 
research methodology is based on 1st and 2nd laws thermodynamic analyses and includes correlations to estimate the investment 
costs of the equipment. With reference to a high temperature industrial waste heat source, performance, costs and exergy losses 
in the different cycle layouts are compared. Furthermore, a parametric analysis regarding the effects of the cycle pressure ratio on 
net power output and back work ratio is carried out.
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1. Introduction

Among the Waste Heat Recovery (WHR) technologies, the heat to power conversion systems appear as one of 
the most promising solutions since they allow a flexible reuse of the recovered heat and they are economically 
convenient in several industrial scenarios. However, the temperature range at which the heat is rejected affects the 
choice of the heat to power conversion technology. For mid-grade heat, in a range of temperatures between 100 and 
370 °C, it has been proven that the Organic Rankine Cycle (ORC) systems are the most suitable solution [1], and 
they are already available on the market. On the other hand, at higher temperature levels (370 up to 900 °C) the 
ORC technology is still an option, but it is less attractive because of the lower chemical stability and high 
flammability of the working fluids to employ in such applications [2]. Moreover, conventional Rankine Cycle power 
plants achieve poor efficiencies for hot source temperatures lower than 700 °C [3] and generally they present high 
capital and maintenance costs. Therefore, in this temperature range, a promising alternative is represented by the use 
of the supercritical carbon dioxide (sCO2) as a working fluid to convert heat into power by realizing a Joule-Brayton 
cycle.  

The sCO2 Brayton power cycle was proposed for the first time in [4] and reintroduced for nuclear power 
generation applications in [5]. The main benefit of this technology derives from the particular chemical and physical 
properties that CO2 assumes in the supercritical state, and in particular near the critical point (30.98 °C, 7.38 MPa), 
in which CO2 presents a very high density, isobaric thermal capacity and isothermal compressibility. These 
properties allow to reduce substantially the mechanical compression work supplied to the fluid, and consequently, to 
increase the net power output and then the overall thermal cycle efficiency [6].

As concerns WHR applications, the attractiveness of this technology, as before mentioned, increases when the 
heat is rejected at temperatures which are above the 400 °C. In fact, in this range the sCO2 Brayton cycle presents 
numerous benefits respect to the ORC or the conventional Rankine Cycle systems. The CO2 is in fact is not 
flammable and more chemically stable at higher temperatures compared with the organic fluids used in ORC power 
unit [7]. Moreover, it is less expensive and more eco-friendly, since is a non-toxic compound and has a lower Global 
Warming and Ozone Depletion Potentials than organic fluids. Compared with the Rankine Cycle power cycle
instead, the sCO2 Brayton power cycle allows to achieve better efficiency at lower temperatures [8] and it presents 
lower CApital and OPerational EXpenditures (CAPEX and OPEX) since the use of supercritical carbon dioxide, 
extremely denser than steam, allows to have consistently downsized and simpler components which also require less 
maintenance [9]. Furthermore, with respect to both technologies, the sCO2 Brayton cycle allows a better thermal 
matching between the working fluid and the hot source and consequently a higher 2nd law (exergy) efficiency [10].

In recent years the sCO2 technology has been intensively studied for several purposes and applications, such as 
Concentrated Solar Power (CSP) [11], geothermal [12], fossil sources [13], WHR [14] and especially the nuclear 
sector [15], [16]. Several works have also been carried out in the optimization of the power cycle [17], in the study 
and dynamic modelling of each component [18], in the analysis of performance of the system coupled with some 
other bottoming power unit [19], in the characterization of the cycle performance when mixture of CO2 and other 
fluids were used [20]. Another relevant topic, which has not been fully addressed yet, is the analysis of the optimal 
sCO2 Brayton power cycle scheme for WHR applications. In [21] the authors analyzed the recompression 
configuration or Feher cycle and how the introduction of reheating and intercooling affects its efficiency and net 
power output. In [22] the simple Brayton cycle has been compared to the recompression, pre-compression, split 
expansion, partial cooling and partial cooling with improved regeneration cycle. From the results did not emerge a 
privileged scheme, since the performance of each configuration are too much affected by the particular operating 
conditions. Even more complex configurations are reported in [23] and in [24] several schemes are presented to 
maximize the heat recovered and to achieve the best thermal matching inside the sCO2 regenerators. 

The current research work presents an assessment of the theoretical capabilities of four sCO2 cycle layouts as 
well as a preliminary estimation of the investment costs using literature correlations for heat exchangers and 
turbomachinery. The design configurations are compared with reference to the same thermal power recovery and in 
terms of performance, exergy losses and investment costs. Furthermore, the effect of cycle pressure ratio on the net 
power output in every cycle layout is investigated.
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2. Methodology

2.1. Thermodynamic analysis

Four Joule-Brayton cycle configurations at increasing complexity have been investigated to assess the best 
performing one. The cycle layouts and the corresponding entropy diagrams are reported in Figure 1. With respect to 
the simple regenerative configuration (SR – Fig. 1.a), the one with recompression (RC – Fig. 1.b) splits the flow 
upstream the condenser and then compresses the two contributions in two different machines. On the other hand, in 
the re-heating one (RH – Fig. 1.c), after the first expansion the working fluid is heated again with the hot source and 
eventually expanded up to the lowest pressure of the cycle. The configuration shown Fig. 1.d eventually embeds 
both the recompression and reheating solutions (RCRH).

Fig. 1. – Investigated sCO2 cycle configurations

The different cycle architectures were investigated using the same methodology. In particular, steady state energy 
and exergy analysis were carried out using the software CycleTempo. Thermodynamic properties were calculated 
using the NIST database coupled with the thermodynamic solver. Parametric analysis were eventually carried out 
through a coupling of the CycleTempo models with Matlab.
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Regardless of the cycle layout considered, the governing equations for a steady state analysis are mass and 
energy balances. Hence, with reference to a linear system composed of these kinds of equations, CycleTempo solves 
them to provide the values of mass flow rate in each pipe of the system, whose number is equal to the number of 
components. Afterwards pressure, enthalpy and temperature values are calculated while exergy analysis is the latest 
step of the procedure.

2.2. Cost analysis

After the thermodynamic analysis, the several layouts proposed have been investigated also from an economic 
perspective. The aim of the study was to calculate the CAPEX per kWe of each sCO2 cycle layout, in order to define
the best architecture in terms of payback time and return of investment for WHR applications. Regarding the 
turbomachines, their cost has been estimated as a function of the sCO2 mass flow processed ( m ), their isentropic 
efficiency (η )and the cycle pressure ratio ( β ). The correlations used have been proposed by [25] and they are 
reported in the Eqns. (1) and (2).

( ) ( )( )1479.34 ln 1 exp 0.036 54.4
0.93T in
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c m Tβ
η

 
= + − −  (1)
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in which the mass flow rates are expressed in kg/s, while the inlet turbine temperature ( inT ) is in Celsius degrees.
As concerns the heat exchangers, their cost has been estimated as a function of their that has been estimated from 

the thermodynamic results and the global heat transfer coefficients reported in Table 1. These orders of magnitudes 
derive from the know-how gained by the Authors during the ongoing design of a sCO2 test rig at Brunel University. 
For the same reasons, with reference to real quotations for Printed Circuit Heat Exchangers (PCHE) and for flue gas 
to sCO2 heaters, the correlations proposed by [25], [26], have been corrected using the coefficients reported in Table 
1. In particular, Eqn. 4 is valid for flue gas to sCO2 heaters while Eqn. 3 refers to PCHE working as recuperator and 
cooler. In both cases the heat transfer surface ( A ) is expressed in m2.

0.592681HXc k A= (3)

0.78

130
0.093HX

Ac k  =  
  (4)

Table 1. Additional calculation parameters 

Global heat transfer coefficient (W/m2K) Corrective coefficient k

Heater (flue gas-CO2) 100 7.0

Recuperator (CO2-CO2) 1700 1.8

Cooler(CO2-water) 2900 8.0

3. Results and discussion

To properly compare the techno-economic performances of the different sCO2 cycle layouts, a reference 
operating point was considered. As concerns the hot and the cold sources, inlet and outlet temperatures have been 
set according to typical values for Medium to High Grade WHR applications. Regarding the turbomachines,
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isentropic efficiency and inlet temperature have been imposed. In particular, the inlet pressure and temperature of 
the compressor have been set slightly above the fluid critical point, in order to benefit of the advantageous physical 
properties of sCO2 at these conditions avoiding the dynamic instabilities occurring during the fluid critical transition 
[27]. On the other hand, the turbine inlet temperature and pressure have been chosen according to the limits imposed 
by material strength and corrosion resistance [28]. Finally, pinch point temperatures of 5K have been set in the 
recuperators. Quantitative values are reported in Tables 2 and 3. Reference thermodynamic conditions for exergy 
calculations were 1 atm and 25°C.

Table 2. Hot and cold source input data.

Inlet 
Temperature [°C]

Outlet 
Temperature [°C]

Mass 
flow rate [kg/s]

Hot source – flue gas 900 500 1

Cold source – water 15 45 not fixed

Table 3. Turbomachinery input data.

Compressor Turbine

Inlet temperature [°C] 32 500

Inlet pressure [bar] 75 250

Isentropic efficiency 0.70 0.85

Mechanical efficiency 0.98

Electric efficiency 0.95

The results of the comparison are presented in Figure 2. In particular, Figure 2.a and 2.b report the electric net 
power output and the thermal efficiency for each different cycle layout respectively. These charts show that the 
reheating (RH) and the recompression reheating (RCRH) configurations can reach the highest power output and 
thermal efficiency: 167.7 kWe with the 35% of efficiency for the RH layout and 174.9 kWe with an efficiency of 
nearly 38% for the RCRH configuration. These layouts also achieve the highest exergy efficiency (Figure 2.d), 
which in this case is slightly higher for the RH configuration (30.5% against the 30.0% of the RCRH).

A general remark that applies to all the investigated cycle layouts is the fact that, according to Figure 2.c, more 
than 55% of the total exergy losses is lost as sensible heat because, for the assumptions that have been made, flue 
gas is exhausted at 500°C to prevent crossing temperature profiles at the heater. Nevertheless, from a WHR
perspective, this sensible heat loss has a crucial relevance and must be recovered either through a secondary ORC 
system or using more complex sCO2 architectures. Apart from the sensible exergy loss, Figure 2.c shows that RC 
and RCRH have the lowest irreversibility due to plant equipment.  The reason can be addressed to the splitting of 
the regeneration stage, which allows to achieve a better thermal matching between the hot and the cold sCO2 flows
in the regenerative heat exchangers. In fact, in the RC and the RCRH layouts the exergy destruction in the high and 
low temperature regenerators is equal respectively to 2.3% and 2.8% of the total exergy flow entering in the system,
while in the RH and SR layouts is equal to 7.9% and 9.8%. The exergy destructions in the recuperators however, are 
secondary compared with the ones realizing in the heaters (in red and purple color), which, depending on the layout 
considered, range from 13% to 16% of the entire inlet exergy flow and so represent the most relevant exergy losses 
between the all plant components. 

Regarding the cost analysis, even if the RH and the RCRH layouts achieve higher performances, they also
present, due to the increased plant complexity, a higher CAPEX per unit of electric power (Figure 2.f) compared to 
the Recompression (RC) and the Simple Regeneration (SR) layouts, which have an investment cost respectively of 
1175 $/kWe and 862.5 $/kWe against the 1675 $/kWe and the 1425 $/kWe for the RHRC and the RH 
configurations. 

Focusing instead on the single component cost analysis (Figure 2.e), it is immediate to notice that the heat 
exchangers constitute the most relevant cost of the sCO2 power generation units and this should be adequately taken 
in account for the decision of the best cycle layout to adopt in the early design stage.
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Fig. 2.  Comparison of different sCO2 cycle architectures: net power output (a), 1st law efficiency (b), irreversibility breakdown (c), 2nd law 
efficiency (d), cost breakdown (e) and unitary cost (f)

After this techno-economic analysis, a parametric study has been carried out in order to evaluate how the cycle 
pressure ratio affects the different layouts performance. The other cycle parameters have been fixed accordingly to 
the data reported in Table 2 and 3. The results are reported instead in Figure 3.a, which shows that almost all the 
cycle configurations generate a higher net electric power when the cycle pressure ratio is increased. Only the RC 
layout presents a maximum power output of 167.4 kWe for a pressure ratio equal to 2.6, overcame this value, the 
power produced decreases when the pressure ratio is further increased. Also the back work ratio of each layout is 
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cycle configurations generate a higher net electric power when the cycle pressure ratio is increased. Only the RC 
layout presents a maximum power output of 167.4 kWe for a pressure ratio equal to 2.6, overcame this value, the 
power produced decreases when the pressure ratio is further increased. Also the back work ratio of each layout is 
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reported as function of the cycle pressure ratio in Figure 3.b, which shows that the relation between these two 
parameters is practically linear. Moreover, in the SR and in the RH schemes, for the maximum cycle pressure ratio 
of 3.3 only the 35% of the turbine power produced is used to drive the compressor.

Fig. 3. Parametric analysis and comparison between different cycle layouts: net power output (a) and back work ratio (b) expressed as a function 
of the cycle pressure ratio.

4. Conclusions

In this work the authors presented a techno-economic comparison between several sCO2 Joule-Brayton power 
cycle schemes addressed for WHR applications. For each of this cycle configuration the net electrical power output, 
the CAPEX, and the thermal and exergy efficiency have been calculated, from an overall system and a single 
component perspective. The results showed that the most performant layouts were also the ones characterized by the
higher cycle complexity. Furthermore, the economic analysis pointed out that a relevant increase of cycle 
complexity, and thus of the power plant investment cost, was related to only a small increase of the system 
performance, both in terms of net power output, thermal efficiency and irreversibility reduction. A prove of that can 
be found recalling the cost data calculated and referred to the simpler cycle scheme, the Simple Regenerated (SR) 
layout. In fact, its unitary investment cost per electric power unit is equal to 862.5 $/kWe, which represents
respectively the 73.4 %, 60.5 % and 51.5 % of the one related to the Recompression (RC), Reheating (RH) and 
Recompression Reheating (RCRH) configuration, against a 2.33%, 6.42% and 11% of net power output increase. 
Then what emerges is that the complex cycle layouts analysed in these work, studied at the beginning for CSP and 
nuclear power generation plants, are not suitable for WHR applications. For this destinations in fact, the thermal and 
exergy efficiency of the power generation plants are secondary aspects compared to the net power output produced 
and thus the amount of heat recovered. The energy supplied to the plant is indeed “free”, and will be rejected in the 
environment if not properly exploited. Moreover, in these kind of systems, of main relevance is the investment 
payback time, since the power conversion unit is an earn-as-you-save investment, which in turn for the most 
complex and performant layout (RCRH) is almost the double of the SR configuration.

In conclusion, between the layouts analysed, the conventional simple regenerated sCO2 power cycle appears to 
be the most suitable alternative for medium to high WHR applications, since its lower initial investment and 
acceptable performances. Nevertheless, since in all the schemes the sensible exergy rejected is a significant part of 
the inlet exergy flow, further efforts should be addressed to found alternative and innovative cycle arrangements 
which will allow to convert more waste heat into electric power and thus a “better use” of the wasted hot source. 
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