PROCEEDINGS OF ECOS 2023 - THE 36™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
25-30 JUNE, 2023, LAS PALMAS DE GRAN CANARIA, SPAIN

Energy analysis of a hybrid top/bottoming
ORC-based CHP configuration for residential
applications

Jodo S. Pereira” and José B. Ribeiro

Univ Coimbra, ADAI, Department of Mechanical Engineering, Coimbra Portugal,
joao.pereira@dem.uc.pt

Abstract:

The development of ORC-based micro-CHP systems to retrofit the current combi-boilers is receiving
noticeable attention from research centres and companies due to the huge dimension of the potential
market. Recognizing the importance that the evaporator has on the technological/ commercial success of
these systems, and instead of avoiding the problem through the adoption of alternative restricting solutions
(i.e.: indirect vaporization process), it seems reasonable to face the challenges associated with the
development of a specifically designed ORC-evaporator capable to directly use the high-temperature
combustion gases to perform the vaporization of the working fluid. In an attempt to overcome those
challenges, that are believed to be preventing the widespread use of these systems, this paper presents and
discusses some of its main design principles. From those principles emerged a hybrid (top/bottoming) CHP
configuration in which the thermal energy is produced stepwise: firstly in the ORC condenser and then in a
post-heater, that is integrated into the ORC-evaporator. A model of this configuration was developed to
determine the fraction of the CHP water heating process performed in the post-heater that maximizes the
primary energy savings and ORC net power output for a wide range of CHP operating conditions. When
compared to a standard CHP configuration, this solution show benefits for the greater part of those
conditions. Besides the performance benefits shown and solving the safety issue posed by the ORC-
evaporator requirements, this configuration has an additional positive side effect: the decrease of the
combustion gases’ temperature before they reach the organic fluid heat-exchanger section in the ORC-
evaporator that leads to a reduction of the risk its thermal degradation.
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1. Introduction

The combined production of heat and power (CHP) is one of the major alternatives to traditional energy
production systems in terms of energy savings and environmental conservation [1-3]. The most promising
target for the micro-CHP systems lies in the residential sector given the huge dimension of the market [4,5].
At this scale, and for solutions attempting to retrofit the wall-mounted combi-boilers that are currently applied
in residential dwellings, where the noise, vibrations, weight, dimension and reliability are crucial features, the
Organic Rankine Cycle (ORC) based technology appears to be the most promising [6,7]. Even if it may seem
surprising, in its basic configuration and from a thermodynamic point of view, an ORC is almost identical to a
reverse refrigeration cycle in which the throttling valve is replaced by a pump, the condenser works as an
evaporator, the compressor works as an expander and the evaporator as a condenser. From a technological
point of view, the ORC-based micro-CHP system may share with the refrigeration devices their main
component, the compressor (converted to an expander in the micro-CHP [8,9], while the pump and the
condenser are off-the-shelf components of, e.g., coffee machines and HVAC systems, respectively [10]. This
share of technology presents obvious benefits from the point of view of reliability, maintenance and cost that,
partially due to the existence of alternative moving parts in Stirling Cycle and spark-ignited internal
combustion systems, are envisaged to present less noise, vibrations and maintenance requirements [11,12].

Among the ORC-based micro-CHP main components, the evaporator is the only one that, due to its
specificities (e.g. working with a vaporizing fluid at relatively high pressures, typically above 10 bar), cannot
be found directly on the market or easily adapted from a mass production part of other appliances and needs
to be specially designed and analyzed [13]. To partially avoid this question, the overwhelming majority of
manufacturers and research centres choose to perform indirect vaporization of the working fluid. In those
cases, an intermediate circuit with thermal oil, or slightly pressurized water, is commonly used to transfer the

625 https://doi.org/10.52202/069564-0057



energy from the high-temperature combustion gases to the organic fluid, being its vaporization performed in
a plate-type heat exchanger [14,15]. In this way, it is not only possible to reduce the pressure but also to
ensure the existence of a continuous liquid phase in the heat exchanger that is directly exposed to the high-
temperature combustion gases, from which a significant reduction in the design requirements is obtained.
Moreover, such a solution is expected to perform better control of the temperature of the working fluid
vaporization process that can reduce the risk of its thermal degradation [16,17]. In comparison with direct
vaporization, in which the phase change of the organic fluid occurs in the part of the evaporator directly
exposed to the combustion gases, the aforementioned CHP configuration demands the inclusion of, at least,
an additional heat-exchanger, a circulating pump, an expansion vessel, and the necessary tubes and
accessories from which an increase of the system dimension and thermal inertial are expected. As an
obvious consequence, such micro-CHP strongly reduces its ability to face the intermittence of the hot-water
demands, with multiple short-time requests, that characterize one of the operation modes of the boilers [18].

Recognizing the importance that the evaporator has on the technological success of ORC-based micro-CHP
systems, and instead of avoiding the problem through the adoption of restricting solutions (indirect
vaporization [13]), it seems reasonable to face the challenges associated with the development of a
specifically designed ORC-evaporator capable to directly use the combustion gases to perform the
vaporization of the working fluid [19,20]. In an attempt to overcome those challenges and fulfil this
technological gap, that is believed to be preventing the widespread use of these systems, this paper
presents a solution for such evaporators. This solution leads to a hybrid (topping/ bottoming) CHP
configuration in which the useful thermal energy is produced stepwise, firstly in the ORC condenser and then
in a post-heater directly with hot combustion gases [21]. The benefits arising from its use, in what refers to
the primary energy savings, cycle efficiency, net power output and risk of the organic fluid thermal
degradation, are illustrated and discussed as a function of several CHP operating (design) conditions.

2. Direct vaporization ORC-evaporator

The gas burner with the characteristics required for the ORC-evaporator was promptly found in the market
and is shown in Figure 1-a. Contrarily, the heat exchanger needs to be specifically designed. A schematic
representation of its configuration can be seen in Figure 1-b. In this, the hot combustion gases flow around
the tubes of the heat exchanger, within which is the organic fluid, in what can be described as a mixed
counter flow/cross-flow arrangement. The use of high-temperature insulation material sleeves (presented in
brown in Figure 1-b) prevents the energy transfer along the radial direction from the central combustion
chamber to the helical coils to keep the counter-flow arrangement nature. Besides the mentioned
characteristics, this configuration contains a water-cooled baffled sleeve to be used as a cold surrounding of
the gas-burner head to ensure its proper and safe operation. In this, the water flows through the sleeve after
being pre-heated in the ORC condenser, reducing the organic fluid condensing temperature in this
component, which is beneficial for the cycle efficiency. In addition, this baffle sleeve can also reduce the risk
of organic fluid thermal degradation because it decreases the combustion gases' temperature before they
reach the ORC heat-exchanger part.

Organic fluid inlet

CHP
water
outlet

CHP
water
inlet

Organic
fluid
outlet

Helical-coil heat-exchanger chamber

Figure 1: Photograph of the premix gas-burner head with the ignition spark and flame detector rod (a) and
the schematic representation of the ORC-evaporator design with the water baffled sleeve (b).

3. Hybrid ORC-based CHP configuration

The schematic configuration of the micro-CHP system, derived from the integration of the newly designed
ORC-evaporator, is shown in Figure 2. This can be described as a hybrid (topping/bottoming) CHP
configuration [21] since the useful thermal energy is transferred to the water stepwise - before and after the
production of work in the prime mover (expander).
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Figure 2: Schematic diagram of the hybrid CHP configuration with the new ORC-evaporator

The T-s diagrams of the hybrid and a standard ORC-based CHP configuration, including the combustion
gases and water streams, can be found in Figure 3 using the organic fluid r245fa. For the same CHP outlet
water temperature, the condensing pressure (and the temperature) of the ORC in this hybrid configuration
may be significantly lower. The well-known advantages of such a decrease in the condensing pressure are
an increase in the ORC specific power (net power per unit of working fluid mass flow rate) and an increase in
the cycle efficiency. However, these advantages need to be considered against an inevitable reduction of the
ORC working fluid mass flow rate that can partially, or totally, hinder them.
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Figure 3: T-s diagrams of R245fa ORC-based CHP configurations: a) standard and b) hybrid

In this configuration, the amount of energy transferred to the water in the post-heating section is an
additional design parameter that needs to be analyzed. This parameter can be defined by equation (1) where
0 can be seen as the fraction of the water heating process that is done in the water post-heating section of
the ORC-evaporator. To perform such analysis, a physical model, where all the main ORC components are
considered working on their nominal conditions, was developed using Matlab® and REFPROP
thermodynamic database [22]. The model assumes no heat or pressure losses as well as neglects the
electro-mechanical inefficiencies for both the pump and expander generator.

T, —Ts

9 =
T, = Ts

x 100 (1)
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The input parameters of this model, with the values used or the intervals within they are allowed to vary (in
case of a parametric analysis), are listed in Table 1. Within the list of the input parameters is the water post-
heating fraction (6), defined by equation (1), which can be seen as the fraction of the water heating process
that is done in the ORC-evaporator water post-heating section. A value of 6 = 0% refers to a standard CHP
system in which all the water heating process occurs in the ORC condenser, while a value of 8 = 100%
refers to a situation in which there is no cogeneration, or the ORC system is not working.

Table 1. Input parameters of the CHP physical model (based on [21]).

Model parameter Symbol Units Value
Working fluid - - R245fa
Expander isentropic efficiency nr % 0,75
Pump isentropic efficiency ne % 0,5
Condenser efficiency ncHE % 0,98
Evaporator efficiency NEHE % 0,9
Maximum ORC pressure Drmax kPa 1200
Working fluid superheating degree AT c 10
Water pressure DPw kPa 300
CHP inlet water temperature Ts c 102
CHP outlet water temperature 77 °c 65
Water post-heating fraction % % [0, 50]
End-user thermal power demand Qw kW 25
Atmospheric pressure DPatm kPa 101,325
Combustion gases adiabatic flame temperature Triame °c 15409
Combustion gases' mass flow rate Meg kg/s 0,01379
Combustion products' mass fraction m'eg, @ kg;/kgrye © b,d)

2 |solated values were used to simulate a specific CHP operating condition (in accordance with the standard [23]) while the
intervals were used to perform a system’s parametric analysis. ® The presented values were obtained for the complete
combustion of natural gas with 30% of the excess air (according to the gas-burner manufacturer recommendation as shown in
section 2.3). 9j = {CO,; H,0; 055 Ny} V{m’ g co, = 0,123; M/ ey p,0 = 0,093 ;m' gy, = 0,734;,m’ g, = 0,051}.

The way how the properties of the working fluid, the water or the combustion gases are evaluated at each of
the CHP key points is presented in Table 2. To avoid problems related to the pinch-point in the ORC-
condenser, the model assumes that the condensing temperature is limited (inferiorly) by the water
temperature at the ORC-condenser exit (see Table 2 where, for point 3, at the expander exit, the pressure is
equal to the saturation value defined by the water temperature at the condenser exit, point 6). The
knowledge of the enthalpy at those key points allows solving the energy balance equations as they are
shown, for each of the CHP main components, in Table 3 from which the CHP behaviour can be inferred and
the usual performance indicators can be obtained.
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Table 2. Evaluation of the thermodynamic properties at different CHP key points.

#a p [kPa] T [°C] h [k]/kg] s [kJ/kg] State )
15 P1i = Pmax - hyi = h(pyi, 1) S1p =S4 -
1 Pi = Prax T, = T(py, hy) mo=hot (ML) s =s@n) oL
2 Pz = Pmax Ty = Tsar(p2) + AT, hy = h(T2,p2) sz = 5(Tz, p2) SH
359 P3i = P3 - hsi = h(psi, s3:) S3i = Sz -
3 P3 = Dsat(Ts) T3 = T(ps, h3) hs = hy —np X (hy — hs) s3 = s(hs, ps) SH
4 Ps = D3 Ty = T(Par X4) hy = (T4, ps) 4 = 5(Ty, x4) SL
5 Ps = Pw Ts hs = h(Ts, ps) - -
6 Pe = Pw Te =T, —0 X (T, — Ts) he = h(T¢, pe) - -
7 D7 = Dw T, h, = h(T,,p;) - -
8 Ps = Patm Ts = Trigme hg = h(Ts, ps) - -
9 Po = Patm Ty = T (po, ho) hg = hg — QWPH/ng - -
10 P10 = Patm Tio = T (P10, h1o) higp = he — Qin/mcg - -

@ |In accordance with Figure 2. ® CL — Compressed liquid; SL - Saturated liquid; SH — Superheated vapour. © Correspond to an
intermediate calculation for the isentropic thermodynamic condition.

Table 3. Power balance equations of the CHP system.

CHP component 2 Stream Power balance
Pump ORC working fluid Win = iy X (hy — hy)
Working fluid heating section ORC working fluid Qun = 1ty X (hy = hy)
(ORC-evaporator) Combustion gases chf = (rhcg X (he — hlo)) /MenE
Water post-heating section Water Qupy = 1ty X (h7 = he)
(ORC-evaporator) Combustion gases Qegpy = (mcg X (hg — h9)) /M enE
Expander ORC working fluid Woue = e X (hy — h3)
Condenser ORC working fluid . Qout = Qweys/McuE
Water Qwepe = My X (he — hs)
Natural gas/air mixture Qcup = chf + chpH
Hybrid CHP system Water My = Qy/(hy; — hs)
ORC working fluid iy = Qoue/ (hy — )

2 In accordance with Figure 2.

Among these indicators are the ORC efficiency (7,,.), defined as shown in equation (2), the ORC net power

output (W,,.), see equation (3), and the Primary Energy Savings (PES), as defined by the EU directive [24],
that can be calculated using equation (4). In this, nggr, and nggr, are the harmonized efficiency reference
value for separate production of heat (for the purpose of this paper was assumed 0,9 considering that the
thermal energy produced is in the form of hot water from a natural-gas boiler manufactured before 2016 [25])
and the harmonized efficiency reference value for separate production of electricity (for this paper was
assumed 0,445, considering that the electrical energy is produced in a natural-gas fueled power plant built
before 2012 and an aggregated correction factor that includes the climatic specificities and the grid losses for
low-voltage level end-users [25]). The values of n¢yp, and neyp,, that represents the thermal and electrical
efficiencies of the CHP systems, respectively, are calculated by equation (5). Besides that, two non-
dimensional parameters, the rPES and the rW,,,, that relate the values obtained for the hybrid configuration
(CHP system with 6 # 0%) with those obtained for the standard configuration (CHP system with 6 = 0%),
see equation (6), and the reduction of the combustion gases temperature associated with the energy transfer
in the water post-heating section of the ORC-evaporator (T5 — T,), are also retrieved from the model.
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4. Model results

The variation’s effect of & over the net specific work, the efficiency (n,,.) and the organic fluid mass flow rate
(my) is shown in Figure 4-a. As expected, mainly due to the increase of the pressure difference in the
working fluid when passing through the expander, the net specific work and the efficiency increased with 6.
However, since an increasing part of the water heating process is shifted from the ORC condenser to the
post-heating section, an inevitable reduction of the working fluid mass flow rate is observed. The non-
despicable result of these antagonistic variations is presented in Figure 4-b, where the values of the primary
energy savings (PES) and the ORC net power output (I#,,,) are shown as a function of 4. The maximum
positive variations of PES and W,,, are 23% and 7% for values of 8 equal to 33% and 21%, respectively. The
shifting of part of the water heating process from the ORC condenser to the post-heating section of the ORC-
evaporator allows for solving a safety issue that will permit the adoption of a compact ORC-evaporator
design and also induces positive effects in the CHP performance increasing not only the efficiency (an
increase of PES) and economic (an increase of I,,,) figures in comparison with the standard configuration
(for which 6 = 0%).
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Figure 4: a) ORC net specific work, m; and 7, . as function of 6, b) PES and W,.¢ as function of 6.

Moreover, the proposed hybrid configuration presents an additional advantage of reducing the risk of organic
fluid thermal degradation that arises from a significant temperature reduction of the combustion gases on
their passage through the water post-heating section of the ORC-evaporator. The temperature reduction for
the value of @ that maximizes PES is about 420 °C and for the value of @ that maximizes W,,, is about 260
°C. It is also important to mention that this value can be increased without any efficiency or net power output
losses regarding the standard CHP configuration (8 = 0%) to more than 500 °C if @ is increased to around
41%, as shown in Figure 5.
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Figure 5: Relative value of PES / W,,, and combustion gases temperature reduction as a function of 0.

5. Conclusion

The development of ORC-based micro-CHP systems aiming to retrofit the current combi-boilers demands
small dimensions, high efficiency and high turn-down ratio evaporators. To achieve such requirements, the
design principles of those ORC-evaporators should include: i) direct vaporization, ii) counter-flow
arrangement and iii) pre-mixed gas burners. A solution for an ORC-evaporator accomplishing these
specifications was presented. That solution showed the need for a cold surrounding on the gas-burner head.
This last design principle led to the development of an ORC-evaporator where part of the energy contained
in the combustion gases is transferred to the water before they reach the ORC working fluid heat exchanger.
The integration of such ORC-evaporator in the CHP system gave origin to a hybrid configuration in which the
useful thermal energy transferred to the water is done stepwise: firstly, in the ORC-condenser and then in
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the water post-heating section of the ORC-evaporator. Such configuration, since it reduces the average
temperature at the ORC-condenser, increases the cycle efficiency and the net specific work mainly because
it increases the pressure ratio of the ORC cycle. Even taking into consideration the negative effect of the
associated working fluid mass flow rate reduction, for a significant part of the CHP typical operating
conditions, an increase of the primary energy savings by 23% and of the ORC net power output by 7% for
values of 6 equal to 33% and 21%, respectively, are shown for one of the most characteristic CHP operating
condition (Ts = 10 °C, T7 = 65 °C). Furthermore, and for the same operating condition, the temperature
reduction of the combustion gases in the water post-heating section of the ORC-evaporator can be as high
as 520 °C without no losses in the primary energy savings or the ORC net power output. This temperature
reduction can help prevent, in a significant way, the occurrence of one of the major concerns associated with
the direct vaporization of the ORC working fluid: the risk of thermal degradation. Therefore, the fraction of the
CHP water heating process performed in the post-heater becomes a new design parameter that needs to be
considered not only for the ORC-evaporator but for all of the CHP components which must be accordingly
selected or designed.

The integration of part of the CHP water heating process in the ORC-evaporator led to a hybrid
(topping/bottoming) configuration that not only solves a safety issue related to the gas-burner head
overheating but also brings several (non-despicable) performance benefits and important reliability
improvements for systems attempting to retrofit the current combi-boilers. Besides, this hybrid configuration
applies to all the situations where the difference between the temperature of hot and cold sources is smaller
as when water from non-pressurized biomass (or other fuels) boilers is used to power those CHP systems.

Nomenclature
h Enthalpy, kJ/kg EHE ORC-Evaporator
17 Tetha, % f ORC working fluid
n Efficiency, % flame Combustion flame conditions
m Mass flow rate, kg/s fuel Related to the fuel used
0 Thermal power, kW H Thermal reference
w ORC power output, kW, s Isentropic
m’ Mass fraction, kg;/kgrye in Inlet conditions
PES Primary Energy Savings, % max Maximum value
T Temperature, °C Net Net value
p Pressure, kPa ORC Organic Rankine cycle system
T Whet Relative ORC net power output - out Outlet conditions
rPES Relative Primary Energy Savings, - P ORC-Pump
s Entropy, kJ/(kg.°C) PH Post heater
x Quality, - REF Reference value
AT?2 Superheating temperature, °C T ORC-Expander
w End-user water circuit
Subscripts and superscripts
{1..10} CHP locations Acronym
atm Atmospheric conditions CHP Combined heat and power
cg Combustion gases EU European Union
CHE ORC-Condenser GHG Greenhouse gases
CHP Combined heat and power system HVAC ?::éliggh%zntllatlon and air
E Electrical reference ORC Organic Rankine Cycle
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