energies

Article

Energetic, Economic and Environmental Performance Analysis
of a Micro-Combined Cooling, Heating and Power (CCHP)
System Based on Biomass Gasification

Diego Perrone !

check for
updates

Citation: Perrone, D.; Castiglione, T.;
Morrone, P,; Pantano, E; Bova, S.
Energetic, Economic and
Environmental Performance Analysis
of a Micro-Combined Cooling,
Heating and Power (CCHP) System
Based on Biomass Gasification.
Energies 2023, 16, 6911. https://
doi.org/10.3390/en16196911

Academic Editors: Maria
Cristina Cameretti and Roberta
De Robbio

Received: 5 July 2023
Revised: 26 September 2023
Accepted: 27 September 2023
Published: 30 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Teresa Castiglione

1,% 1 1

, Pietropaolo Morrone (9, Ferdinando Pantano 2 and Sergio Bova

Department of Mechanical Energy and Management Engineering, University of Calabria, 87036 Rende, Italy;
diego.perrone@unical.it (D.P.); pietropaolo.morrone@unical.it (P.M.); sergio.bova@unical.it (5.B.)

SILPA Srl, Via E. Fermi 14, 88900 Crotone, Italy; ferdinando.pantano@laboratorisilpa.com

*  Correspondence: teresa.castiglione@unical.it

Abstract: In this paper, the performance of an innovative micro-combined cooling, heating, and
power (CCHP) system, based on an internal combustion engine fueled with syngas from woody
biomass, is analyzed. In particular, a numerical model, which considers a direct coupling between
the internal combustion engine and the gasifier as a novel aspect, was developed, validated and
applied to three different case studies to perform an energetic, economic and environmental analysis.
For each considered case, the CCHP system was equipped with a reversible electric air-water pump
and a back-up boiler. The energy analysis shows that the user characterized by a high uniformity of
the thermal load exploits the CCHP system in the optimal way as it allows for the highest thermal
self-consumption rate. On the contrary, for the cases in which the thermal request is not uniform, a
high electric surplus is recorded. In this case, the adoption of the heat pump allows to compensate for
this disadvantage by recovering the electric surplus, thus achieving a thermal integration and CO,
emissions reduction of about 15.8% with respect to the case in which no heat pump is used. Overall,
the results demonstrate the affordability of the biomass-based CCHP system, which is of increasing
importance in this period of contingent international political crisis.

Keywords: CCHP systems; biomass gasification; syngas fueled engines; waste heat recovery

1. Introduction

For preventing the severe effects of climate change, regulations on global greenhouse
gas (GHG) emissions have been proposed over the years in various countries. Starting
from the United Nations (UN) Kyoto Protocol in late 1997 [1], policies related to CO,
emissions reduction have undergone rapid acceleration over the years, and with the Paris
Agreement [2] adopted in 2015, the achievement of the net ‘zero” emissions target by 2050
and the mean global temperature rise below 2 °C above pre-industrial levels have been
fixed. To meet these objectives, governments are promoting the use of clean fuels in power
and propulsion systems [3,4], and supporting the increase in renewable energy share in
the energy mix, and new targets for improving power and propulsion systems energy
efficiency have been established.

In this context, the transition towards more decentralized and flexible power systems
is gaining interest, wherein CHP (Combined Heating and Power) and CCHP (Combined
Cooling Heating and Power) generation systems represent a practical solution, especially
for micro-scale applications [5]. The advantages in terms of CO, reduction derived from the
use of CHP/CCHP technology in comparison with conventional energy supply methods,
which adopt electricity from the grid and fossil fuel for heating via boiler technology,
have been demonstrated in several works [6-8]. These advantages are further enhanced
when the CHP /CCHP system is powered with alternative fuels instead of the fossil ones
and uses an internal combustion engine (ICE) for power generation. In fact, ICE offers
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the advantages of flexibility, adaptability for frequent starts and stops, and the capacity
to run at partial load. Therefore, it is a proven, dependable, and economically feasible
technology [9]. In addition, research efforts are currently aimed at improving engines’
efficiency. On the other hand, cleaner fuels for feeding internal combustion engines are
drawing much attention from researchers [10]. Among them, natural gas, hydrogen,
ammonia, and in general, biofuels obtained through the use of renewable energy are
being widely investigated [10-12]. Syngas, in particular, can be derived via the gasification
processes from natural gas, heavy oil as well as from biomass; it is mainly composed of
hydrogen (H;) and carbon monoxide (CO). Therefore, it can be used as the intermediate
step in the transition from carbon-based to hydrogen-based fuels. In this study, syngas
obtained from biomass gasification is considered, as in addition to its neutral effect on the
atmospheric carbon dioxide concentration during its life cycle, it is versatile and can be used
to directly feed the ICE with minimal structural modification to the engine and a proper
control unit calibration while also taking into account the fuel injection system. However,
there are certain technical challenges in the use of syngas in the internal combustion
engines. These arise due to the low energy density of the syngas and the variability in
its composition, which can cause a significant de-rating of the engines and combustion
instability. Moreover, the level of integration between the gasifier and the engine may
affect the performance of the CCHP system and the economic feasibility with respect to
the separate production. To advance the existing technology and offer novel solutions for
increasing competition in the energy market, these issues require in-depth analyses [13].

Numerical modeling is a very useful tool for the evaluation and optimization of the
CHP/CCHP system performance. This is demonstrated by the growing use of numerical
approaches in most of the recent literature, which aim at modeling each single component of
the power plant as well as the integrated system. These models include lumped-parameters,
as well as 1D and 3D approaches; the most appropriate model is chosen depending on the
purpose of the analysis. For instance, Wiemann et al. [14] developed a homogeneous single-
zone model for evaluating work, heat, product gas composition, and thermal efficiency
as well as the optimal ignition time to guarantee the best performance of the engine.
Costa et al. [15] developed a CFD model of a CI engine operating with combined syngas
and biodiesel by focusing not only on de-rating effects under the dual-fuel powering
mode but also on pollutant emissions. For all those cases in which system optimization
is requested and/or for the implementation of a model-based controller of the integrated
system, the advantage derived from the low computational effort and the need for real-time
operation necessitate the adoption of simple models for the gasifier and the adoption of
0-1D models for the ICE. Costa et al. [16], for instance, considered a micro-CHP system
made of a gasifier, a syngas cleaning system and a spark ignition internal combustion
engine working as a co-generator. They modeled the whole biomass-to-energy chain within
the Thermoflex™ environment, and simultaneously, improved the prediction of the ICE
performance through a properly developed and validated one-dimensional (1D) model
in GT-Suite®. Similarly, Puig-Arnavat et al. [17] developed a model for a small and a
medium-scale trigeneration plant, composed of a gasifier, an internal combustion engine
and two different absorption chillers: single and double-effect chillers. They tested various
biomass compositions and considered different configurations and operating conditions in
order to perform a techno-economic evaluation. Finally, a number of studies were carried
out by Li et al. [18,19] with simple models of gasification unit based on a ‘3-reaction model’
of the power generation unit based on manufacturer database and empirical correlations
for part-load operation; they analyzed and investigated various configurations, which
included integration with organic Rankine cycles, solar devices, heat pumps and proposed
multi-criteria optimization [19].

However, one aspect that is poorly investigated, both from a modeling and an ex-
perimental point of view, is the degree of integration between the gasifier and the ICE
in the gasifier—engine—generator system as well as the waste heat recovery of syngas. In
most configurations, the syngas produced in the gasifier is stored in a fuel tank, and subse-
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quently, it is used to feed the engine [20] so that the engine and the gasifier are uncoupled.
This approach enables the optimization of the gasification parameters and relatively high
efficiencies are achieved. When a higher degree of integration occurs between the gasifier
and the engine, the flow rate of syngas directly feeds the ICE after passing through some
post-treatment devices, and the gasifier operating point varies according to the engine load
request. This configuration increases the system efficiency owing to the recovery and self-
utilization of waste heat in gasification process. However, the high degree of integration of
the systems increases model complexity; in fact, unstable operation may occur due to the
flow conditions through the gasifier system, wherein the pressure drops across the gasifier
systems and then the gas temperature drops at the gasifier outlet. In addition, pulsating
gas flows when the engine operates at partial loads should be considered [21]. Research on
this systems category is rare, and to the best of the authors” knowledge, coupled gasifier-
ICE systems have been investigated only in Li et al. [22]. In a recent work, the authors
developed a numerical model of a CCHP system, characterized by a spark ignition engine
coupled with an updraft gasifier, which produces syngas obtained from dry solid wood
chips [23]. The numerical model, based on a lumped-parameters approach, considers a
variable woody biomass composition and predicts system performance at full and partial
load. Data collected from an existing plant, located in Calabria, were used to validate the
gasifier-ICE subsystem, and an application to a heath user facility was investigated.

In this research, the model is extended in order to investigate the feasibility of the
proposed system from an energetic, economic and environmental perspective for three
different typical energy users, characterized by different electric and thermal load variability.
In addition, an optimization procedure is developed to improve the techno-economic
system performance. In the analyzed cases, a reversible electric air-water heat pump was
adopted with the aim to exploit the possible electric surplus, providing heating and cooling
energy integrations. This solution is expected to increase the energy self-consumption rate
of the system and minimize the use of auxiliary boilers based on fossil fuels. The goal
is to assess the system’s performance under various demand scenarios, and to evaluate
the benefits and drawbacks of using a system with or without a reversible heat pump.
This paper is organized in the following way: the system’s configuration and operating
plan are first provided. The modeling technique is then briefly summarized, and the
requirements for energy, economic, and environmental factors are reviewed. Third, the
system’s performance in cooling and heating modes is examined. Fourth, the system’s
performance is assessed annually and seasonally. The key findings are discussed in the
Summary and Conclusions section.

2. Materials and Methods

In the current application, three different energy users are considered. A thermal-
driven strategy is adopted for winter and intermediate season and a cooling-driven strategy
is proposed for summer. The focus is on the thermal load which is highly uniform on a daily
basis for the health center, while for the hotel, and more significantly for the residential
user, it is highly non-uniform. The CCHP system is integrated with a reversible electric
air-water pump for exploiting the electric surplus for heating and cooling integration and
with a back-up boiler for thermal integration. Moreover, the system is connected to the
grid for electric energy integration and/or for feeding the grid itself when electric surplus
occurs. Details on plant configuration, modeling and analysis are given in the following
sub-sections.

2.1. Plant Description

The layout of the CCHP plant is displayed in Figure 1. The main plant components
are an updraft gasifier, which produces syngas used in a spark ignition internal combustion
engine (ICE) connected to an electric load; an absorption chiller (AC) connected to a
refrigeration user; a thermal user, which exploits the engine thermal power using several
heat exchangers (HEX). For all the analyzed cases, the system is coupled with a reversible
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air-water heat pump, which exploits the electric surplus by providing heating and cooling
energy integrations. An auxiliary boiler and connection to the grid are also included
for thermal and electric integration, respectively. Details on components description,
performance and specifications can be found in Appendix A.

Aucxiliary Boiler
Natural Energy Users
||

AC ICE & HEX Gasifier

“ [
:
gﬁ Reversible I

Heat Pump

.......................... | 7Y v

4m=== Thermal Energy

4= Refrigeration Energy

4mmmm E|ectric Energy

Figure 1. Layout and energy fluxes of the CCHP system.

2.2. Numerical Model

A lumped-parameters approach was adopted to model the micro-CCHP system. The
model predicts the system performance at full and partial loads with different types of
biomass. Detailed discussion on model equations can be found in [23]; only a brief summary
is included in this paper for the sake of clarity.

The model includes the gasification unit, which predicts the syngas composition, its
lower heating value and cold gas efficiency (CGE), and the thermal power recovered by the
syngas cooling according to the equations summarized in Table 1.

Table 1. Gasifier model equations.

Equation Number

Chemical reaction

Moles of Hp

Moles of CO

Moles of CO,

Moles of CHy

Moles of H,O
Moles of air

Lower heating value
Cold gas efficiency

Thermal power recovered by the

syngas cooling

Gasifier thermal efficiency

Cxc Hyy, Oxo Nyy + xHZOHZO + nuir(OZ + 3-76N2)

— ny,Hy +1coCO + nco,CO, + ncy,CHy 1)
+n,0H20 + (3.761,, + 51Ny
NH, = 2)
neo = — P o
i () ()
nco, = o )
ncH, = Xc — fco — Nco, ®)
ng,0 = 2Xy + Xg,0 — NH, — 2NcH, (6)
Maiy = ERgasttst = ERgas (1+ Jxi1 — 3%0) )
LHVg =y, LHVH, + ycu,LHV cy, + ycoLHV co (8
CGE = Ipiile ©)
Qs cooting = 115Cp,s (T in HEX2 — Tsout, HEX2) (10)
— Qucoting (11)

ﬂth,gas = myLHV,




Energies 2023, 16, 6911

50f22

In the above equations, the parameters a1, by, a, and b, (Equations (2)—(4)) were
obtained as a function of the equivalence ratio (ERgss) with a calibration procedure at the
experimental test rig; the reactor temperature (T,) was measured using a thermocouple on
the gasifier; the syngas mass flow rate (1115), in Equation (9) was evaluated as follows:

ms = mb - mash + mair,gas/ (12)

where i, is the ash mass flow rate predicted as a fraction of the biomass flow rate,
n'fzai,/gas is the air mass flow rate to the gasifier, and is calculated as a function of ERggs. In
Equation (10), T iy gex2 and T o4, HEX?2, are the temperatures of the syngas at the inlet and
outlet of the heat exchanger HEX2 (Figure A2), respectively; the inlet temperature was
measured using a k-type thermocouple (405 °C), and the outlet temperature was evaluated
with the e-NTU method [24].

As for ICE, the main equations implemented in the model are reported in Table 2; a
more detailed description can be found in [23].

Table 2. ICE model equations.

Equation Number

_evli i dp _ y=1(9Q; _ dQ, P dv

In-cylinder pressure equation =1 <W -2 ) —yf o (13)

. . Qs dQ,
In-cylinder temperature equation % =T(y—-1) [,%V <Tef - E%“J — %d%] (14)
Engine electric efficiency Nel,ICE = m;Li}st (15)
Engine jacket/head ‘ . Qp (16)

thermal efficiency Nt jn,ICE = S THV,
Engine exhaust gas _ QO 17)

thermal efficiency Mth,exh, ICE = 5 THV,
Engine total thermal efficiency Neh,ICE = m%# (18)

In the above equations, V is the instantaneous cylinder volume and v is the specific
heat ratio as a function of temperature, evaluated through the approach proposed by
Krieger and Borman [25]. dQ/d6, which represents the rate of energy released by the fuel,
was obtained using the Wiebe function [26], and the heat transfer rate to the walls Q,,/d6
was evaluated using the Annand correlation [26].

The absorption chiller AC was modeled by implementing the energy balance and the
refrigeration power as follows (Table 3).

Table 3. AC model equations.

Equation Number

AC energy balance Qe fr,AC + Quvs, ac = Qeoot AC (19)
Refrigeration power Qrefr,ac = Qabs,AcCOP ac (20)

Qubs, Ac is the thermal power absorbed by the chiller and Qcaol, Ac is the cooling power

dissipated through the evaporative cooling tower. Qs 4c is obtained from the thermal
power provided by ICE and the gasification unit.

Finally, biomass electric efficiency, biomass thermal efficiency and biomass ICE thermal
efficiency are used to evaluate the overall system performance as reported in Table 4.
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Table 4. CCHP performance evaluation.

Equation Number

Biomass electric efficiency Hel,CCHP = ﬁ (21)
Biomass thermal efficiency MihcCHp = Qtl;;:z;?/:gns (22)
Biomass ICE thermal efficiency Y4, ICE,CCHP = % (23)
Opverall efficiency NCCHP = Ef’jﬂ?igVQhwﬂ (24)

Figure 2 describes how all the model equations interact with one another. The gasi-
fier model calculates the syngas properties (Gasifier Box), and uses the composition and
thermochemical characteristics of the raw biomass as input. The engine model (Internal
Engine Box) determines the electric and thermal power as well as engine efficiency on
the basis of syngas properties and flow rates. A comparison of the required and supplied
electric power is carried out with a tolerance of 0.1% in order to assess the biomass flow
rate. To assess the thermal power to the chiller (Absorption Chiller Box), engine output
data are employed. The next step is to calculate the total CCHP system efficiencies, which
are specified in Equations (21)-(24).

2.3. System Operating Strategy

The micro-CCHP energy production is evaluated on an hourly basis by considering
partial load operations. A thermal-driven strategy is adopted during the winter and
intermediate seasons. This strategy is considered suitable for the selected energy users,
which are characterized by thermal loads that are significantly higher than the electric ones.
A cooling-driven strategy is considered during the summer.

During winter and intermediate seasons, the thermal request is primarily satisfied by
heat provided by the micro-CCHP system, while thermal integration is satisfied by the
reversible heat pump. The heat pump operates with the electric surplus produced by the
system; if this is not sufficient to cover the thermal demand, electric energy is supplied
from the grid. The grid also provides the electric integration when the system is unable
to cover the users’ electric demand. On the contrary, the unexploited electric surplus is
injected into the grid.

In the summer season, an auxiliary boiler covers the thermal demand, and the AC
unit satisfies the cooling demand as long as the production matches the request. In this
scenario, the cooling integration is guaranteed by the reversible heat pump, driven by the
electric surplus produced by the system, and only if necessary, supported by the grid.

The reversible air-water heat pump was selected for satisfying the energy demands,
which cannot otherwise be covered solely by the AC.

2.4. Economic Analysis

Two economic parameters are used for evaluating the feasibility of the biomass-based
micro-CCHP system: the net present value (NPV) and the payback period (PBP). The NPV
is defined as

NPV =—Ip+) |

i - 25)

(1+i
where Iy stands for investment, F; is cash flows at the kth year (the difference between
revenues and costs), i is discount rate, and # is investment term. NPV values larger than 0
ensure economic viability; moreover, the bigger the NPV value, the greater the economic
gain. The PBP is the period of time during which the initial investment will match the
discounted cash flows. The economic benefit increases as the PBP decreases.
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PBP is obtained using the following equation:

PV(PBP) = —Ip+ Y, 0} B, (26)

=114 i)k

Table 5 presents the main assumptions for the economic analysis.

pindindelindelindeiinibsintbainiededededitiodlinielads |
| Input | change m, and ER
| [xeXoXuXn): My: LHVy: ER: Ty Toinuz |
I
! :
| 4 I
Input : Output |
Engine parameters I tig: LHV;: Qscooting: CGE I
& ! I
operating conditions W - R Gasifier |

ICE
V(9)
Qs (8)
Q. (8)

P(6):T(6)

el Pel.set point <0.1% No

P, el,set,point

Figure 2. Numerical model of the working principle of the system [23].
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Table 5. Main assumptions for the economic analysis [27-29].

Parameter Unit Value
Interest Rate % 3
Investment Period Years 10
Cost of gasifier-ICE unit EUR/KW 5030
Cost of AC EUR/KW 650
Cost of electricity withdrawn from the grid cEUR/kWhg 45
Cost of thermal energy cEUR/kWhy, 12
Revenue of electricity injected into the grid cEUR/kWhg 10
Cost of wood chips EUR/t 131
Maintenance cost/Investment cost % 1.2

2.5. Environmental Analysis

The environmental analysis aims at evaluating the CO, emissions from syngas and
natural gas combustion in the ICE and back-up boiler, respectively.

CO; emissions from the syngas combustion in the ICE are evaluated by considering
the following global reaction of combustion:

X
CXC HxHOxo NXN + Anggy (Oz + 3.76N2) — 1co, COy + ﬂHonzo + 1’10202 +ncoCO + ny, Hy + An,;,3.76 Ny + TNNZ (27)

A general chemical composition Cy.Hy,Oy,Ny, is considered for the syngas, and
the coefficients xc, xg, xp and xy are computed using the syngas chemical composition
obtained with the gasification sub-model. The exhaust gas composition is determined by
adopting a fuel-air thermodynamic model from the literature [26,30], and the operating
conditions of the ICE as well as the thermophysical properties of the syngas produced by
the gasification process are considered. The detailed description of the model can be found
in Kirkpatrick [30].

CO; emissions from natural gas combustion in the auxiliary boiler are computed by
considering the following global combustion reaction:

CHy + 2(02 + 3.76N2) — CO, + 2H,0 4 7.52N;, (28)

The consumption of natural gas, r'rzng, is evaluated as follows:

Qub

29
MLHV g @)

m”g -

where Qﬂb is the auxiliary boiler thermal power, 77, denotes the boiler efficiency (90%), and
LHV 4 corresponds to the lower heating value of natural gas (35.9 MJ/Nm?).

The interaction between the developed sub-models for the evaluation of the energy,
economic and environmental performance of the system coupled with the reversible heat
pump is reported in the flow chart of Figure 3.
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Figure 3. Flow chart for the evaluation of the energy, economic and environmental performance of
the system coupled with a reversible heat pump.

3. Results and Discussion
3.1. Energy Users” Characteristics: Health Center, Hotel and Residential Building

The energy performance and economic feasibility of the micro-CCHP system are
evaluated for three different types of users: a health center, a hotel, and a residential
building. The hourly thermal, electric and cooling loads of typical days in winter, spring,
summer and autumn are shown in Figure 4 [31-33].

In winter, the thermal load includes both the space heating and hot water request,
while in summer and in the intermediate seasons, the thermal load is lower due to the
presence of only hot water demand. The electrical load shows similar profiles for the all
seasons and includes domestic lighting system and appliances. The cooling load includes
air conditioning and applies to the summer season. The yearly energy requests for each
user are shown in Table 6.

Table 6. Yearly energy requests of the energy users [31].

Parameter Hotel Health Center Resid. Building
Electric Load [kWh/m?] 10.9 21.0 8.9
Thermal Load [kWh/m?] 55.6 55.5 33.7
Cooling Load [kWh/m3] 16.9 19.7 11.3

3.2. Techno-Economic Optimization

A preliminary analysis is required for the coupling between the micro-CCHP system
equipped with the reversible heat pump and the energetic users, to evaluate economic
viability and energy performance. For this purpose, the multi-objective optimization is
used for the evaluation of the optimal volume of the energy users that could be fed by
the investigated CCHP system. Three parameters were selected as objectives, the payback
period (PBP), the heating (HeatHP) and the cooling (CoolHP) provided by the heat pump
when it is driven via the electric surplus. In particular, a shorter PBP improves economic
benefits, while high heating and cooling energy provided by the heat pump in the electric-
surplus mode improves the energy self-consumption rate of the entire system and decreases
the dependence on the natural gas used in back-up boilers.

Figure 5 shows PBP as a function of the volume ranging from 5.000 m? to 20.000 m>.
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Figure 4. Daily profiles of electric, thermal and cooling loads of a hotel, a health center and a
residential building during a typical day in winter, spring, summer, and autumn [31].
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Figure 5. Influence of the volume of the energy users on PBP.

The economic analysis highlights that PBP decreases with the increase in the volume
for all users, since the economic revenue increases due to the avoidance of the production
costs of electricity and natural gas. The residential building guarantees cost-effective
operations with a payback period that is lower than 10 years for a volume ranging from
6.000 m? to 20.000 m3, whereas the health center and the hotel show economically favorable
operations for the entire range of volumes considered.

The cooling and heating rate provided by the heat pump supplied via the electric
surplus are displayed in Figure 6. For low volumes, i.e., low energy demand, no integration
from the heat pump is requested as the energy load is completely satisfied by the system.
When the volume increases, and hence the energy load, integration from the heat pump is
requested, and the electric surplus provided by the system is adequate to drive the heat
pump. This integration, however, reaches a maximum, and then decreases. In fact, with
the increase in energy demand, heating and cooling provided by solely by the heat pump
decreases since the available electric surplus diminishes. In this case, grid integration
is necessary for feeding the heat pump. In particular, the maximum value of heating
is observed for the residential user, and it is obtained for an optimal volume of about
16.000 m3, whereas the maximum cooling is recorded for the hotel, which corresponds to
an optimal volume of 14.000 m>.
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Figure 6. Cooling and heating rate provided by the heat pump supplied via the electric surplus.
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Ayin = min \/(

To define the proper value of energy user volume, an optimization criterion is nec-
essary to find a suitable trade-off between energy and economic performance. Here, the
“minimum distance” criterion is used. It consists of the evaluation of the minimum distance
between the design point belonging to Pareto frontier and the ideal point; this was adopted
for volume optimization [33]. The ideal point is defined by minimum PBP, maximum
heating from heat pump (HesHP), and maximum cooling from heat pump (C,,;HP). The
user volume is obtained using the minimization of the dimensionless distance of the design
points to the ideal point as follows:

Heat HP gy — Heat HP; >2 +( CootHP 0y — Coot HP; )2 ( PBP; — PBP,i, )2
HeatHPmﬂx - HeutHPmin

(30)
CoolHPmax - CoolHPmin

PBPyyax — PBPyp
where the subscript i corresponds to the generic ith volume of the energetic user that
guarantees heating for the heat pump H,,;;HP;, the cooling from the heat pump C,,HP;,
and payback period PBP;. The subscript max and min refer to maximum and minimum
of the selected objective functions, respectively. It is important to highlight that for each
value of the energy user volume, several elements remain unchanged in the analysis: the
energy system (comprising the updraft gasifier, the spark ignition ICE, and the absorption
chiller), the energy user, and the operating strategy (thermal-driven strategy for each user
on winter and the intermediate seasons, and a cooling-driven strategy for summer).

The dimensionless minimum distance plot versus the volume of the energy users is
shown in Figure 7. The proposed criterion suggests the adoption of a volume of 15,000 m?
for the hotel and residential users, and a volume of 11,000 m3 for the health center. For
these optimal volumes, the payback period is 2.5 years for the hotel, 2.4 years for the health
center, and 4.1 years for the residential building.

1.8
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'6'_ —e— Health Centre
—14 —a— Residential
8 1.2 1
-
8 1.0
3]
0 0.8 1
g 0.6 1
E 0.4 1
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0'2" Optimum Value /
0.0 1
1 \Optimum Value
1 1 1T 7 T 1T 1T 1T 717
4k 6k 8k 10k 12k 14k 16k 18k 20k 22k

Volume [m3]
Figure 7. Dimensionless minimum distance as a function of the volume of the energy users.

3.3. Yearly Energy Performance Evaluation

The energy performance of the micro-CCHP system coupled with the reversible heat
pump for the optimal configurations is analyzed in terms of yearly electric and thermal
energy flows. Figure 8 shows the yearly thermal balance of the micro-CCHP system for the
three energy users. The health center exploits the highest thermal self-consumption rate
provided by the gasification-ICE units (82.9%) and the lowest thermal integration by the
heat pump driven by the ICE (9.1%). On the contrary, the residential user shows the lowest
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thermal self-consumption rate (52.4%) and the highest thermal integration from the heat
pump driven by the ICE (40.4%).

[ Integration from Boiler Il Heat From Heat Pump (ICE)
[ self-cons. [ Heat From Heat Pump (Grid)

Hotel 5.9%

Health centre 2%

9.1% 2.9%

Residential

80 100

o -
\~]
o
-
=]
2]
(=]

Thermal Balance [%]

Figure 8. Thermal balance of the micro-CCHP system for the three energy users.

The electric balance on a yearly basis is displayed in Figure 9. The adoption of the
heat pump enhances the electric self-consumption rate. In fact, for the hotel, the self-
consumption rate increases from 46.1% (lighting and electrical devices) to 74.7% when
the electric surplus is used for heating and cooling via the heat pump. Similarly, the self-
consumption rate increases from 66.0% to 75.4% for the health center, and from 45.1% to
81.7% for the residential user.

B self-cons. [ Surplus to the Heat Pump (Heating)
[ |Surplus to the Grid [ Surplus to the Heat Pump (Cooling)

Hotel 25.3%

Health centre 24 6%

4.6% 4.8%

Residential 18.3%

7.8%
I L U i B B R B

A |
0 20 40 60 80 100
Electric Balance [%]

Figure 9. Electric balance of the micro-CCHP system for the three energy users.
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The adoption of the reversible heat pump coupled with ICE improves the energy
self-consumption rate of the entire system, especially for the residential user. This effect
minimizes the use of a back-up boiler and reduces the electric surplus to the grid, thereby
having beneficial environmental impact. This can be seen in Figure 10, which shows
the CO; reduction obtained with the adoption of the heat pump driven via the electric
surplus with respect to a micro-CCHP system that shares identical components, energy
loads, performance and operating strategies, in the absence of the reversible heat pump
for cooling and thermal integrations. In the latter case, thermal integration is provided
by a back-up boiler supplied via natural gas, while cooling integration is guaranteed by a
conventional compression chiller supplied via electric energy from the grid. The residential
user shows the highest CO, reduction since the operation of the back-up boiler is minimum.
On the contrary, the health center, which is characterized by a weak exploitation of the
electric surplus for driving the heat pump, shows the lowest CO, reduction.

20
18 ~

, Reduction [%]
pERE O

co
i

o
¢ R
0_

1.3

Residential Health Centre Hotel

Figure 10. CO; reduction obtained by adopting the reversible heat pump for three energy users.

Devices for storing cold, heat and electricity are not indispensable for the energy
request and for the optimal volume selected for the users investigated. The thermal-driven
strategy adopted during winter, spring and autumn allows to minimize the thermal surplus.
This aspect will be better highlighted in the next section, in which an hourly energy balance
is presented only for the health center user.

3.4. Hourly Energy Performance for the Health Center

To investigate the behavior of the optimized system in more detail, an hourly energy
balance is presented only for the health center user. Figure 11 shows the thermal balance in
typical days of the winter, summer and intermediate seasons, Figure 12 shows the electric
balance for the four seasons, whereas Figure 13 depicts the cooling balance in summer.

In winter, the micro-CCHP system works at high-rated operating conditions all day
(Figure 11a), owing to the high thermal energy request, satisfying the 96.2% of the daily
thermal load. In particular, the thermal power provided by the gasification-ICE units is
79.2%, whereas the heat pump provides 17.0% of power. Even though the micro-CCHP
system works at nominal operating conditions, the ICE electric power supplying the heat
pump is not sufficient to satisfy completely the thermal request, and a slight thermal
integration from the heat pump driven by the grid, amounting to 3.8% is needed. As for
the electric request, this is almost completely satisfied by the system and the heat pump
is driven by the electric surplus for about 11.8% of the electric production, while part of
electric production is fed into the grid (about 27.5%, Figure 12a).

In spring, the micro-CHP system is forced to work close to minimum load (L¢; = 10%)
due to low thermal demand and a significant amount of heat (about 26.8% of the production)



Energies 2023, 16, 6911

15 of 22

is dumped (Figure 11b). In this ICE operating condition, the electric self-consumption rate
is low and equal to 18.2% of the electric load, while the remaining part is taken from the
grid (Figure 12b).
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Figure 11. Hourly thermal balance of the micro-CCHP system in winter (a), spring (b), summer (c)
and autumn (d).

In summer, the cooling-driven strategy is adopted. The micro-CCHP system is capable
of satisfying the thermal request for 11 h per day, providing 42.0% of the thermal load
(Figure 11c). However, from 9:00 am to 9:00 pm, where the cooling request is significant
(Figure 13) and the micro-CCHP system is forced to work at nominal operating conditions
driving the AC, the thermal load is not satisfied by the system. In this time interval, a
thermal integration from the auxiliary boiler amounting to 58.0% is necessary, whereas the
AC works at nominal operating conditions, providing a cooling power of 70 kW (Figure 13).
Furthermore, the ICE unit supplies the heat pump for 13 h per day. Nevertheless, the micro-
CCHP system and the heat pump in electric surplus mode are not capable of satisfying
the cooling request. Therefore, the heat pump operation in grid mode for the cooling
integration is necessary. The AC and the heat pump in electric surplus mode satisfy 59.7%
and 24.8% of the cooling demand, respectively. The electric self-consumption rate amounts
to 92.3%, whereas 16.3% of the electric production is used to drive the heat pump for the
corresponding cooling production and 12.4% of the electric production is injected into
the grid (Figure 12¢). A slight electric integration of about 7.7% of the electric demand
is necessary.
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Figure 12. Hourly electric balance of the micro-CCHP system in winter (a), spring (b), summer (c)
and autumn (d).
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Finally, in a typical autumn day, the biomass micro-CCHP system covers for the most
part the thermal load. In particular, the gasification-ICE unit satisfies 95.8% of the request,
whereas the heat pump in electric surplus and in gride modes satisfies the complementary
part for the 3.8% and 0.4%, respectively (Figure 11d). Also, the electric demand is almost
completely satisfied, and 0.2% of the production is exploited to drive the heat pump. The
amount of electricity injected into the grid is 32.3% of the electric production (Figure 12d).

It is worth noting that a thermal energy storage (TES), a cold energy storage (CES)
and an electric energy storage (EES) are not necessary for this system adopted for sup-
plying the users investigated. In fact, the thermal-driven strategy used during the winter,
spring and autumn allows to minimize the thermal surplus and to maximize the self-
consumption rate. The only season in which a moderate thermal surplus that could be
stored is spring; however, this quantity cannot be used as no thermal integrations is needed
during this season.

The cooling-driven strategy adopted during the summer allows to completely satisfy
the demand and avoid a cooling surplus. This result justifies the absence of a CES.

Also, an EES is not essential for this system. Despite the electric surplus being available
during the year, it cannot be used when needed as the electricity produced by the engine
entirely covers the demand. Only during spring, a substantial amount of electric integration
is necessary. However, during this season the electric surplus is not available.

4. Summary and Conclusions

A CCHP plant, based on an ICE fueled with the syngas produced via an updraft
gasifier, was modeled at full and partial load and applied to three different energy users in
order to perform an energy, economic and environmental analysis. The investigated energy
users are a health center, a hotel, and a residential building, which are characterized by
different thermal and electric loads.

The following conclusions can be drawn from the performed analysis:

e From a techno-economic optimization of the CCHP system, the optimal volumes,
which guarantee the lowest payback period and the highest heating and cooling from
the heat pump are 15,000 m? for both the hotel and residential users, and 11,000 m3
for the health center. By considering the current prices of electricity and natural gas,
payback periods of 2.4, 2.5 and 4.1 years were determined for the health center, the
hotel and the residential building, respectively;

e By following a thermal-driven strategy for each user on winter and intermediate
seasons and a cooling-driven strategy for summer, an energy analysis was conducted;
it was found that, on a yearly basis, the health center, which is characterized by a
highly uniform thermal load, exploits the CCHP system in the optimal way as it allows
for the highest thermal self-consumption rate;

e  On the contrary, the residential user, which has a high degree of non-uniformity in the
thermal request, shows the lowest thermal self-consumption rate, and consequently, a
high electric surplus;

e  The adoption of the electric heat pump helps to improve the electric self-consumption
rate. In fact, for the health center, the thermal load increases from 82.9% to 92%, while
for the residential building, it increases from 52.4% to 92.8%. Therefore, in the latter
case, more significant improvements occur (40.4%);

e This advantage of adopting the heat pump directly correlates with CO, emission
reduction; for the residential user, it amounts to 15.8% where heat integration is higher,
and for the health center, it amounts to 1.3% when the heat pump thermal integration
is the lowest, with respect to the case in which no heat pump is used.

To conclude, the analyzed biomass-based CCHP system, integrated with a heat pump,
is characterized by a high percentage of energy self-consumption rate, which lowers the
dependence on the electric grid, and saves fossil fuel in the auxiliary boiler. This can help
to promote the diffusion of a more decentralized and flexible power generation systems
based on renewable sources.
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Nomenclature

CGE cold gas efficiency [-]

p specific heat [J/kg K]

E electrical energy [J]

ER equivalence ratio [-]

LHV lower heating value [J/kg]
m mass flow rate [kg/s]

n; number of moles

p cylinder pressure [N/ m?2]
P power [W]

Q thermal energy [J]

Q thermal power [W]

T temperature [K]

A% cylinder displaced volume [m?3]
Xj species molar fraction [-]
Vi species mass fraction [-]
Acronyms

AC absorption chiller

CCHP combined cooling, heating and power
CES cold energy storage
CooHP cooling from heat pump
cor coefficient of performance
DC dry cooler

EES electric energy storage
HeatHP heating from heat pump
HEX heat exchanger

ICE internal combustion engine
PBP payback period

TES thermal energy storage
UG updraft gasifier

Greek symbols

o4 air/fuel ratio

Y specific heat ratio [-]

n efficiency [-]

0 crank angle [deg]
Subscripts

abs absorbed

b biomass

cool coolant

el electrical

exh exhaust

gas gasifier

in inlet

jh engine jacket/head
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out outlet

r reactor

refr refrigeration

S syngas

st stoichiometric
th thermal
Appendix A

The gasifier is a counter-flow reactor (updraft), which is fed by the wood chips from
the top, while the air is blown from the bottom. The produced syngas is cooled using a
heat exchanger, and after passing the gas filter, it enters the engine, whereas the solids are
removed from the bottom. The wood/syngas path is displayed in Figure Al.

Q‘% Wood Chips

Inlet Wood
b Chips
Panel Control ‘ N ]

ICE

Figure A1l. Layout of the gasification process (adapted from [23]).

It is well known that the updraft gasifier is characterized by higher tar production
due to lower residence time with respect to the downdraft gasifier. However, the analysis
carried out on the syngas stream resulted in a very low tar concentration, and no issues
were observed in the heat exchanger nor in the engine during the system operation for
over 7 years. Furthermore, data sheet provided by the manufacturer [34] confirmed that tar
concentration is <100 mg/Nm?3.

The gasifier performance vary with wood composition; for the investigated case, it is
reported in Table Al.

Table A1. Chemical composition and LHV of biomass.

Composition (% in Mass) Lower Heating Value
C H O Ash Moisture LHV (M]/kg)
48.0 5.8 45.2 0.4 8.5 16.8

With this wood composition, the gasifier performance are summarized in Table A2.

Table A3 provides information on the ICE specifications. At 1500 rpm, the engine
produces 45 kW, and 85 kWy, of electrical and thermal power, respectively. Heat is
recovered from the lubricating fluid, the exhaust gas, and the engine cooling system.

The gasifier and engine performance, reported in Tables A2 and A3, respectively, were
predicted using the numerical model developed in previous work [23].

The absorption chiller (AC) is a single effect lithium bromide-water (LiBr—H,0) type,
which requires a thermal power of 100 kW and a refrigeration power of 70 kW at nominal
conditions. The temperature of the water entering the chiller ranges from 75 to 95 °C.
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Table A2. Updraft gasifier specifications.

Wood Consumption 45kg/h
Syngas composition
CcO 24.9%
H, 18.5%
CHy 2.3%
CcO 10.0%
N, 43.8%
Lower heating value 5.7MJ/kg
Mass flow rate 107.6 kg/h
Performance characteristics
Thermal power recovered from syngas cooling 10.6 kW
Cold gas efficiency 82.6%

Details on heat recovery from the syngas and the engine can be found in [23]; in
this paper, they are reported in Figure A2. Heat is recovered from the engine cooling
system through a heat exchanger (HEX1) and from the hot syngas through a water/syngas
heat exchanger (HEX2). The plant hot water is used, via a heat exchanger (HEX®6), in the
absorption chiller (AC), and its flow rate is regulated with a thermo-electric three-way
valve (V3) with the aim to control the refrigeration power and to guarantee the maximum
efficiency at partial loads. Flow rates from HEX1 and HEX2 are mixed and sent to the
thermal load. As for the engine cooling system, the coolant is warmed by the lubricant,
engine jacket/heat, and exhaust gas. A three-way valve (V1) controls the coolant flow
rate so that a part of it is routed into the heat exchanger (HEX5) within the absorption
chiller and some of it is bypassed. Both flow rates are combined at the heat exchanger’s
outlet, and then pass via a coolant/water heat exchanger (HEX1) before returning to the
ICE cooling circuit. The dry-cooler (DC) is used to entirely discharge the thermal surplus
into the environment. Figure A2 also depicts the system’s state points at which plant water
flow rates and temperatures were recorded and computed.
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Figure A2. Thermal layout of the biomass-based CCHP plant [23].



Energies 2023, 16, 6911 21 of 22

Table A3. Engine specifications.

8 Cylinder, V-Type, 4-Stroke, Spark Ignition

Displacement 5700 cc
Rated speed 1500 rpm
Rated electrical power 45 kW
Rated thermal power 85 kW
Electrical efficiency 26.9%
Thermal efficiency 50.6%
Total efficiency 77 5%
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