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Aerobic biodegradation of biomass can release considerable heat, reaching temperatures of up to 65 °C. This heat
can be recovered and used for domestic purposes through the implementation of Compost Heat Recovery System
(CHRS). In this study, data were collected from a full-scale CHRS, fed with tree-pruning residues, installed in a
farmhouse located in Northern Italy. The CHRS (2.75 kW average heating power) worked in conjunction with a
pellet combustor for one year.

Energy and carbon balances were analyzed and compared (over a 15-year life-time) with combinations of
alternative heating systems (both traditional and green ones). The real case study provided a heat supply at a
competitive cost (0.087 € kWh~1). A scenario with two CHRSs would further decrease costs (0.074 € kWh~!). In
terms of the carbon balance, a CHRS can save up to 0.252 kg .o kWh™ of energy produced, compared to a fossil-
fuel alternative (natural-gas), while promoting carbon storage for around 0.05 kgcoy.eq kWh~! in agricultural
soils by compost amendment. Over a 15-year period, each module can potentially substitute fossil-derived heat
for around 264 MgCO,..q, while increasing soil carbon pool by around 20 Mgcg.eq, as C-stock calculated on a
medium-term scenario (100-years).

CHRSs have great potential to furnish renewable heat at competitive prices, while providing other ecosystem
services, such as carbon storage and nutrients cycling to soil. Economic valorization of tree-pruning residues could
also be an incentive for the implementation of agroforestry practices and landscape features. Further studies are
needed in this relatively unexplored field, which might be of interest in the context of EU regulatory frameworks
such as the EU Directive 2018/2001 and the upcoming Common Agricultural Policy (CAP) 2021 - 2027.

1. Introduction book The Methods of Jean Pain: Another Kind of Garden wrote in 1972

(Pain and Pain, 1972). It basically consists on a compost pile usually

According to the blue economy model proposed by Pauli (2010), it is
necessary to find ways of utilizing physics, chemistry, and biology with
renewable materials and sustainable practices just like ecosystems do. In
this context, the technologies that mimic processes naturally occurring
in ecosystems aim for a sustainable economic growth while avoiding the
use of non-renewable natural resources and preserving ecosystems by
implementing the blue economy model. Green technologies are an ex-
ample of applying artificial processes for the same purposes (Ishak et al.,
2017). Compost Heat Recovery Systems (CHRS) could be considered
a technology that meets the blue economy principles, according to its
characteristics. It is a plant for heating buildings and sanitary hot water
by using the heat naturally produced during the composting of organic
waste materials, that was made famous thanks to Jean Pain with his
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made up of a mixture of wood waste and manure, which contains a heat
exchanger Zimmermann (2020). The external structure of the CHRS is
usually made on iron welded mesh and insulated with straw bales, but
depending on the on-site available materials, other containing and insu-
lation system can be utilized. These plants are usually installed outdoor,
due to their average dimensions (between 35 and 55 m?) and their need
for good ventilation. A waterproof membrane is needed on the bottom
of the composting pile to prevent leachate produced during the process
to percolate into the soil, and therefore to collect and recirculate it to
keep the material moist.

Organic material inside the plant is biologically decomposed through
microbial respiration, that is generally ascribed as the oxidation of or-
ganic matter to CO, by aerobic microbial communities (Babur et al.,

Received 1 December 2020; Received in revised form 23 April 2021; Accepted 24 April 2021
2667-0100/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.envc.2021.100131
http://www.ScienceDirect.com
http://www.elsevier.com/locate/envc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envc.2021.100131&domain=pdf
mailto:alberto.pivato@unipd.it
https://doi.org/10.1016/j.envc.2021.100131
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Malesani, A. Pivato, S. Bocchi et al.

2021). Under aerobic or micro-aerophilic conditions, molecular oxygen
(0,) plays a key role and is ultimately used as the terminal electron
acceptor needed for microbial respiration, being a limiting factor for
microbial growth (Zhou et al., 2020). Molecular oxygen is indeed the
major electron acceptor on Earth and it is responsible for the oxidation
of most of the organic matter (Chen and Strous, 2013), with the final
production of carbon dioxide and water (Bindoli and Rigobello, 2013).

So, the basic process of the CHRS (the composting process) is a nat-
ural organic decomposition process controlled by a number of envi-
ronmental conditions occurring in aerobic conditions, with the essen-
tial presence of oxygen that supports microbial activities (Wang et al.,
2019). When organic materials are metabolized by microorganisms, O,
is consumed and CO, is liberated, with amounts depending on the type
of substrate, the environmental conditions and the microorganisms in-
volved Stotzky (1965). Moreover, heat is metabolically generated ac-
cording to the basic equation:

. microbial
Fresh organic waste + Oy ————
metabolism

— stabilized organic residue + CO,+ H,O + heat

(Finstein et al., 1986).

Irvine et al. (2010) reported average temperatures at the end of
12 days for 8 in-vessel composting tunnels (5-5.3 m wide and 25—
35 m long with a height of 3 m) were consistently above 65 °C
during spring, summer, and autumn, and around 60 °C during the
winter months. These temperatures aligned with the values reported
by Harper et al. (1992). Some studies have investigated the po-
tential energy recovery from composting processes. According to
Klejment et al. (2008), the heat that can be released during the high tem-
perature phase of municipal waste is 1,136 kJ Kg4yy matter ~*- Cumulative
energy values reported by Ekinci et al. (2006) of 8,092 kJ Kg4ry matter ~
of biosolid waste and woodchip composting are similar to values re-
ported by Irvine et al. (2010) that ranged from approximately 7,000 to
10,000 kJ Kg4ry matter -1 of green waste composting.

The heat produced inside the compost pile can be recovered through
different systems. Numerous systems have been tested over the years
and are described in great detail by Smith et al. (2016). In this case
study, the CHRS was built according to the configuration pioneered by
Pain (Pain and Pain, 1972), using a conduction-based approach to re-
cover heat. In his configuration, coiled tubes are located within the com-
posting mass and used to heat water flowing inside the tubes (Smith and
Aber, 2017). Polyethylene pipes, filled with water, act as heat exchanger
in the present case study. Pipes are placed in spirals at different eights
of the compost pile. The heated water can be directly used for the un-
derfloor heating system (UHS) of a building or be sent to the domestic
hot water (DHW) accumulation tank and be directly used; otherwise, it
can be stored in a boiler and then separated between UHS and DHW
systems. Usually CHRSs are installed to heat building in combination
with other heating systems, such as a pellet combustor or a heat pump.
Zimmermann (2020).

Jean Pain composting systems have been investigated and modi-
fied in the years at pilot and full scales, under different names such
as Biomeiler, thermocompost, bioreactor or composting reactor. How-
ever, scientific evidences and data about their life-cycle, performances
and final compost quality are scarce in scientific literature (Bajiko et al.,
2019).

In the EU, both European (2018/2001/EU) and member States’ poli-
cies are promoting the use of renewable energy sources for new or ren-
ovated housing. In Italy, every building that is constructed or renovated
from January 2018 on must use renewable energy sources to fulfill at
least 50% of its energy needs (D. Lgs 28/2011). Indeed, our develop-
ment, mainly based on non-renewable sources, is considered wrong-
ful harm to future generations. It is vital therefore to establish a tran-
sition to a new model of development in response to the challenges
of sustainability (Omri and Belaid, 2020). Mitigation actions to limit
the climate warming are indispensable to achieve a sustainable devel-
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opment (Allen et al., 2018). Climate warming can be limited through
specific mitigation pathways such as energy-demand reductions, decar-
bonization of electricity and other fuels, electrification of energy end
use, deep reductions in agricultural emissions and some forms of car-
bon dioxide removal with carbon storage on land or sequestration in
geological reservoir (Rogeli et al., 2018). In this context, CHRS repre-
sents a viable alternative to the conventional centralized grid-connected
power, to produce energy from residual biomass and organic waste,
while providing effective solutions for waste management, as well as
for dioxide removal with carbon storage on land and soil carbon pool
restoration. With CHRS, biomass represents a sustainable and renew-
able energy source that could be exploited in small-scale plants for heat
generation.

The functioning of a CHRS fed with woody biomass, lasts between
12 and 14 months on average; after that period the temperatures in-
side the pile decrease too much for an efficient energy recovery. In this
real case study, thermal energy was recovered for 12 months. Native
Power (www.native-power.de) and Biomeiler (www.biomeiler.nl), re-
ported data about CHRS fed with woodchip, having dimensions of 55
and 70 m3 respectively that lasted 1 year and 9 months respectively
(cases similar to the CHRS studied in this research work). In his book,
Pain and Pain (1972) reported a 75 m® CHRS fed with chipped brush-
wood that lasted 6 months and Zantedeschi reported the experience
of Brown (2014), that implemented a CHRS of 31 m3 that lasted 12
months Zantedeschi (2018). After these periods, the material converted
into compost, has to be extracted from the body of the CHRS. This im-
plies that the plant needs to be dismantled. During the biodegradation
of biomass, the most recalcitrant (biologically resistant) fractions of or-
ganic matter is protected from enzymatic hydrolysis and microbial ox-
idation, which primarily constitutes the remaining ‘compost’ material.
The production of compost is an added value for CHRS. Indeed, com-
post is a nowadays regulated product to use in agriculture (Pivato et al.,
2017) as an excellent soil amendment to improve agricultural soil prop-
erties and organic contents (Huang et al., 2006). Being produced from
organic waste, it contains organic matter and it is also rich in micro
and macro-nutrients (Wang et al., 2019). Organic amendments improve
crucial nutrients such as phosphorus and nitrogen, increase the water
holding capacity and sorb metals, having an important impact not only
on the soil physico-chemical properties, but also on the microbiological
ones enhancing nutrient availability (Mazumder et al., 2021).

Also, after applying compost to the soil, the remaining carbon par-
tially degrades further over longer periods (10-100 years) and at slower
rates. Kranert et al. (2009) reported biodegradation yields about 85% of
the initial content, along 50 years. Over a 100-year period, this figure
was reported to still be in the range of 77-92% based on the available
literature (Hermann et al., 2011; Franz et al., 2009). Over longer time-
horizons, biodegradation is likely to follow a plateau-like trend, where
a consistent fraction of organic carbon is preserved in soil. Compost
production and application to agricultural soils as fertilizer is strongly
recommended, as it encourages plant growth and healthy soil struc-
ture (Yun et al., 2019) increasing therefore agricultural productivity
(Toumpeli et al., 2013). Many authors reported that compost has signifi-
cant effect on soil nutrient improvement and plant growth enhancement
(Bashir et al., 2020; Liu et al., 2019, Sorrenti et al., 2019). Its utilization
could restore the soil quality and improve soil structure and fertility,
which not only serves an important role in agricultural production but
also is of great significance for improving the ecological environment
(Yazdanpanah et al., 2016). Promoting soil productivity and improving
the crop quantity and quality, compost utilization on soil can increase
the income of the user (Wang et al., 2019). The use of a CHRS allows to
produce compost material reusable on-site with related benefits.

The data recently reported in an Italian Ecopedological paper
(MATTM, 2019), reported that soil quality is critical, especially in the
Mediterranean area. Approximately 80% of Italian soils have an or-
ganic carbon content lower than 2% (ISPRA 2020). In this scenario, the
restoration of the soil carbon pool is mandatory.
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At the end of the process, when the plant needs to be dismantled
and the compost is recovered, the CHRS can be simply rebuilt with new
fresh biomass waste.

CHRSs thus present numerous advantages as it promotes the recov-
ery and use of heat produced through the recycling of organic waste,
which reduces CO, emissions while storing carbon inside compost mate-
rial. At the end of the process compost can be applied to the soil restoring
its carbon content, with the consequence of minimizing land degrada-
tion and soil erosion.

The focus of this work is to compare CHRS with different alternative
heating technologies, under both economic and environmental points
of view. Field data were collected from a full scale CHRS that oper-
ated for one year. Both green and traditional heating technologies were
considered for the comparison. The green technologies were solar ther-
mal panels and geothermal plant, while the traditional ones were pellet
combustor and natural-gas condensing boiler.

Firstly, an economic analysis of the different systems was made, con-
sidering the full life-cycle of the plants combined in eight different sce-
narios. Next, for the environmental comparison between the different
technologies was determined by comparing CO, emissions. Emissions
related to the lifetime operation of the systems were estimated and com-
pared to provide the total amount of CO, saved and stored due to the
use of a CHRS instead of the other aforementioned solutions.

2. Materials and methods

This study was carried out using a real case study implemented in a
farmhouse named Valbona located in Padua, Italy where a CHRS plant
was built in 2017 and operated for a one-year period (March 2017 -
March 2018). The system powered an UHS and heating of the DHW of
the building, integrated with a pellet combustor to supply the entire
amount of energy needed by the farmhouse.

The thermal power generated over one year by the CHRS was evalu-
ated base on literature data and data coming from the short monitoring
periods of a prototype plant.

Once the energy that can be provided by the CHRS was estimated,
the remaining amount of energy needed by the farmhouse was consid-
ered to be provided by the pellet combustor. This solution represents a
real case study. The other four technologies that were considered (i.e.,
solar thermal panels, geothermal plant, pellet combustor, and natural
gas condensing boiler) were then designed and coupled in order to pro-
vide the total amount of energy needed by the farmhouse. A total of
eight scenarios were compared to the real case study.

The cost of each technology was calculated along a lifetime of 15
years which started from the design phase and ended at dismantling.
Moreover the CO,_¢, stored and the CO, saved using renewable resources
instead of fossil fuels (e.g., natural-gas) were estimated considering the
operative lifetime of 15 years for each technology.

2.1. Case study: plant description and total energy demand

The case study refers to a CHRS installed in Valbona farmhouse, lo-
cated in Lozzo Atestino (Padua, Italy), in the climate zone E. The zone
has an average annual temperature of 12 °C and 770 mm of rainfall per
year. The farm occupies around 20 ha of agricultural land where vegeta-
bles, fruits and vines are cultivated. Every year a considerable amount of
pruning residues and other plant materials are produced and tradition-
ally these materials were burned directly in the field or disposed without
any kind of energy recovery. In 2017 an experimental plant for heat-
recovery from the composting process was built and monitored. It con-
sisted of a CHRS plant fed with the organic biodegradable green waste
coming from the farmhouse gardening activities and maintenance. The
system was designed and implemented in order to be connected to the
UHS of the farmhouse and to provide the daily necessary DHW.

The CHRS is geometrically described by the parameters reported in
Table 1 and its schematic is shown in Fig. 1. The system consists on a
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Table 1

Dimension of the heap of woodchips in the farmhouse.
Diameter (m) 5.00
Height (m) 2.80
Circumference (m) 15.70
Area (m?) 19.63
Volume (m?3) 55.00

heap of raw biomass placed inside a cylindrical containing system made
from fire mesh.

The raw biomass used inside the system was chipped, prior to place-
ment, to an average size of approximately 1-2 cm.

Since the role of the CHRS plant is to recover the heat produced from
the composting process and used to heat the farmhouse, it is necessary to
limit the heat dispersion. Therefore, the heap was insulated using straw
bales with a thickness of 0.5 m. The total diameter of the CHRS plant
was 6 m. A polyvinyl chloride (PVC) sheet was placed at the bottom
of the heap and some slotted polyethylene (PE) pipes, with an external
diameter (D) of 120 mm, were used to collect the leachate that naturally
forms during the composting process along with irrigation. This leachate
was conveyed to a concrete tank. In order to enhance the microbial
activity that takes place during the composting process, it is important
to provide adequate conditions for microorganisms (aeration, C/N ratio,
temperature, pH, moisture, etc.).

In order to control rainwater infiltration and provide the optimum
humidity value (around 40-60%), a nylon cover was used to control
rainwater infiltration. To ensure an adequate airflow, a slotted PE pipe
with a diameter D of 120 mm pipe was placed at the center of the heap
from the bottom to the top out from the heap. This setup allow aeration
through the chimney effect.

Along the height of the woodchips, five different PE pipe coils, with
an external diameter D of 32 mm and length of 100 m, were installed
(total of 500 m of pipe) to act as heat exchangers. The five serpentines
worked in parallel and were all connected to another PE pipe placed out
from the heap. These pipes were thermally insulated with the plastic
material normally used for district heating systems.

The water flowing inside the pipes was heated through the heat de-
veloped by the CHRS, collected inside the external insulated PE pipe
and transferred to a connected puffer located inside a room of the farm-
house. The hot water generated inside the puffer was then distributed
as DHW and for use in the UHS. Once the heat exchange took place, the
water in the coil was cooled and returned to the CHRS. The connection
circuit between the CHRS and the puffer was hence closed.

At the farmhouse, the UHS covered the spatial heating for a sur-
face of 275 m? and the daily DHW demand equal to 2,000 L day~!
(p = 1 kg L™1). The daily water demand was based on the needs of
the restaurant kitchens and the bathrooms of the house including both
hostel and private uses. The energetic class of the farmhouse was es-
timated as a “Class E” (i.e. annual consumption for heating of around
100 kWh m~2 according to Italian D. Lgs. 102/2014). Therefore, the an-
nual energy consumption for the UHS (Eyyg) was estimated using the
following equation:

kW h

m2year

Eyys = S¥H =275 m*100 =27,500 kW h year™ 1)
where: S is the surface of the heated floor (m?) and H is the annual
consumption for heating (kWh m~2 year—!) according to the specified
energetic class.

The annual energy consumption for the DHW was estimated as fol-
lows:

Epaw = M xcyxAT

= 200058 136599, 1 Keal 560 c40,00116 K1
day year kg °C kcal
= 42,340 kW h year™" 2
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Fig. 1. CHRS plant scheme.

Table 2

Thermal power output data collection from different on-field prototypes of CHRSs.
Composted material Average power Energy recovered Monitoring time Volume Reference

kW m-3 MJ m-3 M] KZhiomass ™ days m3

Woodchips 0.047 1,462 3.7 365 55 www.native-power.de
Woodchips 0.053 1,236 31 270 79 (Biomeiler 2020)
Woodchips 0.156 404 1.0 30 16 Zantedeschi, 2018
Chipped brushwood 0.19 2,955 7.4 180 75 Pain and Pain, 1972
Chipped brushwood 0.02 467 1.2 270 197 Schuchardt, 1984
Horse manure, sawdust, woodchips 0.14 302 0.8 25 0.9 Chambers, 2009
Bamboo 0.06 218 0.5 42 50 Seki et al.,, 2014
Woodchips 0.09 2,799 7.0 365 31 Brown, 2014
Horse manure, woodchips, fresh grass 0.10 311 0.8 36 6.7 Bajko et al., 2019
Cow manure, grass, sawdust 0.20 225 0.6 13 2.8 Mwape et al., 2020
Green waste 0.10 3,11 7.8 365 60 Cuhls et al., 2020 ***
Green waste 0.10 3,11 7.8 365 150 Culhls et al., 2020 ***

*considering a biomass density of 400 kg m~3

“*energy recovery calculated turning kW m~3 into kWh m~2 and then turning kWh into MJ (conversion factor 3.6 MJ kWh~1)

***Cuhls et al., quoted by Zimmermann (2020). Cuhls’ reference not available

where: M,, is the daily mass of DHW required (kg day~'), ¢p is the spe-
cific heat capacity of water (kcal kg=1°C~1), AT is the temperature dif-
ference between the hot water in the buffer and the cold water from
aqueduct (°C).

Thus, the total yearly energy requirement (E,) of the farmhouse was
calculated as the sum of the annual energy consumption for the UHS
and DHW production:

E,= Eyps+ Eppyy = 69,840 kW h year™ 3)

The thermal power generated over time by the CHRS was then eval-
uated base on the literature data as well as data coming from short mon-
itoring periods of the prototype plants. The values of the thermal power
output depends on many aspects related to the kind of organic material
used inside the plant, its volume, and the duration of the process. All
the values found in the literature are reported in Table 2 and described
later on in more detail. Moreover, a pilot plant was monitored for one
month in February 2018 and provided another results about the ther-
mal power of woodchip materials undergoing aerobic biodegradation

(Table 2). The pilot plant was monitored collecting data four times a
day, one day a week, with a heat meter installed on the piping system.
Every measure was taken in the middle of the 15 minutes operating
time. The final thermal power value was calculated as the mean ob-
tained considering the frequency (f;) over every value of power (P;), as
follows:

Z P; « f;/total number of measurments Zantedeschi (2018) 4)

The mean value between the different thermal power values col-
lected from literature and from the pilot plant monitoring, was used
to estimate the total energy amount that can be supplied through the
CHRS.

According to this estimation, it turned out that part of the total an-
nual energy demand could be supplied through the CHRS. The remain-
ing energy needed by the farmhouse is provided through a pellet com-
bustor.
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2.2. Design of heat sources chosen for comparison

Alternative technologies for heat production were taken into consid-
eration to compare the performance of the CHRS and to evaluate if it is
beneficial in terms of the energy provided, considering the related costs
and CO, emissions. The latter were determined through a cost analysis
and a carbon balance.

The technologies compared to the CHRS were two green technolo-
gies involving renewable resources (solar thermal panels and geother-
mal plant) and two alternative traditional technologies (pellet combus-
tor and natural-gas condensing boiler).

Technologies were designed and/or combined in order to provide the
same total amount of energy supplied in the real case study involving a
CHRS and a pellet combustor which is 69,840 kWh y~1.

Each technology was designed with further assumptions and calcu-
lations:

The solar thermal system was designed to evaluate the number of
solar panels necessary to provide the same amount of energy supplied
by the CHRS system of the case study. The system design was carried
out by applying the good-practice guidelines discussed by theDeutsche
Gesellschaft fur Sonnenenergie - German Solar Energy Society guide for
Installers, Architects and Engineers (DGS 2005). To calculate the re-
quired area of the solar collector, A (absorber surface area, m2), the
following equation was used:

Er
A= —— (5)
Egx ngys

where: E, is the yearly heat requirement (kWh y~1), E; is the
yearly potential solar irradiance (kWh m~2 year~!) (Lozzo Atestino:
Eg_1,421 kWh m~2year~!, source: Solar Panels — information about So-
lar and Photovoltaic Panels, http://www.infopannellisolari.com/), and
ngys is the average system efficiency, which is the ratio of solar heat yield
to global solar irradiance experienced by the absorber surface (0.35 for
flat plate collector or 0.45 for an evacuated tube collector). The average
system efficiencies used take into account losses at the collector, solar
circuit, and storage (Irvine et al., 2010).

Regarding the other green technology, a geothermal system with ver-
tical wells was designed. The length of the closed-circuit pipes placed in
the boreholes linked to the heat pump (geothermal probes), where heat
transfer fluid flows inside. Almost all the methods are based on the syn-
thetic relationship for steady-state heat exchange (De Carli et al., 2003):

= 0O+*R
T, -T,

6

where: L is the total length of the pipes (m); Q is the average heat flux ex-
changed between the heat transfer fluid of the single probe and ground
(W); R is the equivalent thermal resistance offered by the ground per
unit of probe length (0.25 m K W~1); T, is the average subsoil tempera-
ture not influenced by the presence of the probe (14 °C); T,, is the aver-
age temperature of the heat transfer fluid that supplies the geothermal
probe (6 °C).

The average annual thermal load absorbed or released from the
ground is calculated as follows:

COP,+1 COP,+1
o0 - qlf*_COPC *h, +E,*—C0Ph -
a= 8760

where: q,. is the project load necessary for cooling the building (W); E, is
the project load needed to heat the building (Wh); h,. are the equivalent
hours at full load (ratio between the seasonal energy requirement and
the maximum power) and 8760 is the total hours in a year. The values
of COP. and COPy, (Coefficient Of Performance, related to cooling and
heating), are chosen based on the temperature of the heat pump input
(design data) and calculated according to UNI TS 11300-4:

COP.=T, /(T5-T;) and COP,=T,/(T,-T;) where T; =cold spring tem-
perature and T,=hot spring temperature.
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The advantage of the heat pump consists is the fact that it can be
used both for heating and cooling a house. However, in this case-study,
only the heating process was considered in order to have a meaningful
comparison between geothermal plant technology and CHRS technol-
ogy.

Last two technologies are pellet combustor and natural-gas condens-
ing boiler. For the pellet combustor, the amount of pellets that are nec-
essary to provide the same amount of heat recovered with the CHRS
system was determined. The amount of pellet (Mp) in kilograms, was
calculated on the basis of the pellet calorific value which will depend
on the different kinds of pellets.

-_— Er
M= Thv - ®
where LHYV is the pellet lower heating value (net calorific value) and n,
is the assumed combustor efficiency.

Lastly, a natural-gas condensing boiler was considered. Knowing the
calorific value of methane and assuming a certain boiler efficiency, the
volume of natural gas (V) necessary to generate the same amount of
energy provided by the CHRS system can be calculated as follows:

. Er
Veusr = THY 1 ©
where: LHV is the natural gas lower heating value (net calorific value)
and 1y, is the assumed boiler efficiency.

Once the design of the plant was completed to ensure the same
amount of energy was provided in the real case study, a cost analysis and
a carbon balance was carried out in order to evaluate the advantages and
disadvantages (if applicable) related to CHRSs in terms of cost savings
and CO, stored.

2.3. Definition of alternative scenarios

The alternative scenarios were selected and evaluated in order to
provide a total amount of energy of 69,840 kWh y~! required by the
farmhouse. Since the CHRS is able to provide a total amount of energy
per year equal to 24,090 kWh, the alternative ways to supply energy
through renewable resources (e,g,m green technologies: solar thermal
panels and geothermal plant) were designed in order to provide the same
amount of energy of the CHRS, combined with traditional technologies
(pellet combustor and natural-gas condensing boiler) able to supply the
remaining amount of energy (45,750 kWh y~!1) necessary to reach the
total energy requirements.

A total of 9 scenarios were compared. Case A represents the current
situation of the farmhouse, equipped with a CHRS and a pellet combus-
tor to supply the annual energy requirement for DHW and UHS. Each
scenario was analyzed under an economic point of view in order to eval-
uate the economic benefits that can be provided by the use of a CHRS
instead of other alternatives including both renewable and traditional
technologies. First two cases (B and C) represent the alternatives using
green technologies solar thermal panels and geothermal plant integrated
with a pellet combustor similar to the real case. Second two cases (D and
E) represent the alternatives using green technologies which were solar
thermal panels and a geothermal plant integrated with another tradi-
tional technology, instead of Pellet combustor, a natural gas condensing
boiler was used in order to provide the same amount of energy as the
pellet combustor (45,750 kWh y‘1 ). Therefore, the first four cases were
similar to the real case; renewable technologies are used to provide the
same amount of energy provided by the CHRS (24,090 kWh y~1) and the
remaining energy needed by the farmhouse is supplied by two different
traditional technologies, pellet combustor and natural gas condensing
boiler. In the fifth and sixth cases (F and G), the entire energy needed
by the farmhouse was provided by a single traditional technology was
been considered (for the pellet combustor and for the condensing natu-
ral gas boiler). Lastly, two alternative uses of the CHRS have also been
considered. Case H is represented by a CHRS integrated with a natural-
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Table 3
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Summary of the 9 considered scenarios, represented by a combination of two plants, with the exception of cases F and G made on one single plant; all 9 scenarios
provide 69,840 kWh y~!(STP=Solar Thermal Panels, GTP=Geothermal Plant, PC=Pellet Combustor, NGCB=Natural-Gas Condensing Boiler).

SCENARIOS PLANT 1 PLANT 2
TYPE ENERGY PROVIDED TYPE ENERGY PROVIDED

CASE A - REAL CASE CHRS 24,090 kWh y-! PC 45,750 kWh y!
CASE B STP 24,090 kWh y-! PC 45,750 kWh y~!
CASE C GTP 24,090 kWh y-! PC 45,750 kWh y-!
CASE D STP 24,090 kWh y-! NGCB 45,750 kWh y~!
CASE E GTP 24,090 kWh y-! NGCB 45,750 kWh y~!
CASE F PC 69,840 kwh y-!

CASE G NGCB 69,840 kWh y~!

CASE H CHRS 24,090 kWh y-! NGCB 45,750 kWh y~!
CASE 1 2 CHRSs 50,000 kWh y-! PC 19,840 kWh y~!

gas condensing boiler providing the same amount of energy provided
by the pellet combustor in the real case (A).

While Case I is represented by two CHRSs providing the double
amount of energy provided by a single CHRS in the real case A (more
or less 50,000 kWh y~1) integrated with a pellet combustor, so same
situation of the real case considering to use two CHRSs.

In Table 3, a summary of the eight scenarios compared to the real
case is presented. Except for cases F and G, all the others are made on
the combination of two plants (Plant 1 and Plant 2). In the real case A,
plant 1 is represented by the CHRS supplying 24,090 kWh y~! and plant
2 by the traditional pellet combustor supplying 45,750 kWh y~1.

For all cases, the initial costs (design, installation and materials), the
dismantling costs and annual operating costs are compared and assessed
over an average plant-life of 15 years. This time-scale ensures the CHRS
is truly a convenient alternative heating-system for domestic use.

2.4. Cost analysis and carbon balance analysis

To understand the economic advantage of the CHRS, a comparison
with other technologies along a 15-years period was completed. For each
technology the capital costs and the annual operating costs are reported.
A generic item of cost/profit is determined by applying the following
expression:

Item cost = q *unit price (10)

where: q is the quantity (reference unit) and unit prices (€ reference
unit~1) were taken from different sources: the price list of Veneto Re-
gion (Veneto Region Price list, 2018) and many catalogues of different
companies specialized in the production of heating systems. The consid-
ered prices do not include VAT and tax incentives. Natural-gas price and
electric energy prices are based on data from Autorita di Regolazione per
Energia Reti e Ambiente (ARERA 2020)

During the cost analysis, radiant panels of UHS, puffers, recirculation
pumps and expansion vessels’ have not been taken into account, due to
the fact that their price can be considered similar for each considered
system since they are included in every case.

The costs related to eight different alternative scenarios made based
on the combination of different technologies able to provide the total
amount of energy needed yearly by the farmhouse (69,840 kWh y—1)
were considered and compared to the real case study (case A).

At the same time, a carbon balance analysis was performed. To eval-
uate the carbon stored in the compost material and seized from potential
emissions, it was necessary to evaluate the degradation rate of the CHRS
in order to determine the amount of compost obtained.

To evaluate the degradation rate of the plant, compost samples were
taken from the CHRS at the end of the year and analyzed at the labora-
tory of Sanitary Engineering of the University of Padua and were com-
pared to other laboratory analyses conducted on a mixture of biomass
(i.e., fine grained woodchips, coarse woodchips and acacia wood scraps)
that well simulate the composition of the woodchip heap inside the
CHRS, subjected to aerobic biodegradation process.

During the laboratory analyses conducted on the mixture of biomass,
the initial and final amount of Dry Matter (DM) and of Volatile Solids
(VS) were measured. The aerobic biodegradation test lasted 240 days
(8 months) and was carried out as follow: 5 g of each dry biomass were
placed in a plastic laboratory-scale vials with 12,5 g of solid digestate
(inoculum) and 20 mL of distilled water. To allow for the presence of
oxygen, every tap contained some holes. In addition to the other tests,
two white blanks were prepared, containing only solid digestate and
water, to understand how much the inoculum would have affected the
biomass degradation. All the reactors were kept at a constant tempera-
ture of 40 °C.

Since the values of the VS of the samples taken from the CHRS rep-
resent the values of the VS measured at the end of the 8 month lab tests
were similar, it was assumed the degradation efficiency obtained from
the 8 month lab tests were valid and could be applied to the CHRS.

The biodegradation efficiency on the VS was calculated as follows:

nys an

nsy =1-
My g

where: myg is the final mass of VS after 240 days of the lab scale aerobic
biodegradation test (kg); Mysg is the initial mass of VS (kg) before the
lab test.

At the same time, the degradation efficiency on the DM was calcu-
lated as

mys
py =1- —— (12)
Mpy

where: Mp, is the initial mass of the dry sample (kg).

2.4.1. CO, stored and CO, saved

Carbon sequestration from the potential emissions to atmosphere
that are avoided is defined as a carbon-sink. Compost produced by the
CHRS acts as a carbon-sink, since part of the carbon content is not de-
graded during the aerobic process and it remains stored in the soil. The
carbon that could be stored was considered as an important added value
related to the implementation of this technology and was estimated as
follows

MW,
CO, — eq = OCxX x——C92 13)
MW,

c
where: OC is the organic carbon contained in compost (kg¢ tpy~1); X is
the compost content of non-degraded organic carbon (%); MWcq, is the
CO, molecular weight (kgco, kmol~1); MW is the carbon molecular
weight (kge kmol1).

Regarding the amount of CO, saved, starting from the idea that dif-
ferent energy providing systems are related to different CO, emission
amounts, it is also possible to evaluate the CO, saved (i.e., air emissions
in terms of CO, avoided) implementing the CHRS respect to the use of
the considered alternatives.

The total amount of emissions should be estimated as the sum of
the direct and indirect emissions, concerning all the life-cycle aspects
of the considered plants (e.g., emissions related to source extractions,
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Table 4

Environmental Challenges 4 (2021) 100131

Dimensioning of the different plants to provide the necessary amount of energy required by the farmhouse (STP=Solar Thermal Panels, GTP=Geothermal Plant,

PC=Pellet Combustor, NGCB=Natural-Gas Condensing Boiler).

PLANTS ENERGY TO PROVIDE (yearly) DESIGN

STP 24,090 KkWh y-1 25 n of panels

GTP 24,090 kWh y~! 326 meters (probes)

PC 45,750 kWh y-1 10,770 kg of pellets
69,840 kWh y-! 16,430 kg of pellets
19,840 kWh y-1 4,670 kg of pellets

NGCB 45,750 kWh y-1 5,300 Sm3 of natural gas
69,840 kWh y-! 8,083 sm? of natural gas

plants production, transport, installation, operative time, dismantling
and final disposal). In order to do that, a complete life cycle assessment
for each plant should be completed.

Since this is not the main goal of this study, this study only consid-
ered the operative lifetime in order to provide an idea about the CO, air
emissions that can be avoided during 15 years of operation due to the
use of a CHRS.

For each system (CHRS, pellet combustor, natural-gas condensing
boiler, solar thermal panels and geothermal plant), the specific emission
factors in kg of CO, emitted per kWh according to literature data were
considered. After which, the total amounts of CO, emitted in 15 years
for producing the required energy (69,840 kWh y~1) was calculated for
each of the eight scenarios:

COz_p = emission factor * E, % 15 (14)

where the emission factor is expressed in kgcog.eq kWh™! and E, is the
yearly heat requirement in kWh y~1.

Emission factors from the literature were considered to carry out all
of the calculations. They were mainly taken from an ISPRA report about
CO, and other greenhouse gases emission factors in the electricity sector
Caputo (2017). These reports also stated that emissions related to the
combustion of pellets, was negligible. A similar conclusion was reported
at the UNFCCC convention (United Nations Framework Convention on
Climate Change) for the calculations of the atmospheric CO, emissions,
from the combustion of biomasses. The reason for this conclusion is the
CO, emitted during the combustion process is equal to the CO, absorbed
during the life of the plant used through the photosynthesis process.

Since this work did not include a complete life cycle but just the op-
erative period of the plants, an emission factor related to just to the com-
bustion of the pellets was necessary for the calculation of the emissions
due to the use of this combustor. The factor was taken from a report by
AECOM commissioned in 2010 by the Zero Carbon Hub (Lelyveld and
Woods, 2010). The calculation of the emissions related to the use of
gasoil for pellet transport and for the chipper machine, the emission
factor was taken from the APAT report about the CO, emissions from
the transport sector (Contaldi and Ilacqua, 2003).

Firstly, the total amount of CO, produced per kWh of energy pro-
vided using each one of the five considered plants (CHRS, solar thermal
panels, geothermal plant, pellet combustor and condensing natural gas
boiler) was estimated. Next the total kg of CO, produced over 15 years
for each of the eight scenarios were calculated and compared. The emis-
sions related to the use of electricity for powering the water circulation
pump was not taken into account due to the fact that they are the same
for each system.

To calculate the CO, emissions related to the implementation of the
CHRS and pellet combustor as well as the emissions related to the use of
gasoil for wood-material chipping and for pellet transport respectively
were considered. Due to the fact that during the operative lifetime of
these plants it is necessary to produce (for the CHRS) and to trans-
port (for the pellet combustor) biomass material, the emission factor
expressed in kggop.eq kggasoﬂ‘l was multiplied for the kg of gasoil nec-
essary to power the chipper machine and the van.

The final values obtained in terms of kggo.eq kWh~! were compared
to determine how much CO, can be saved.

3. Results and discussion
3.1. Energy supplied by CHRS

To evaluate the energy provided by the CHRS, literature data and 1-
month monitoring pilot plant data for the thermal power output related
to woodchip material subjected to an aerobic biodegradation process
were used.

Literature data were related to different case studies of thermal
power production from aerobic biodegradation of woodchip material or
a similar material. The different values reported, reflects different situa-
tions in terms of the duration of the energy supply which is the amount
of material undergoing the aerobic biodegradation and the type of ma-
terial used.

The duration of the energy supply of the considered case studies, is
between 13 days and 18 months, with a thermal power varying from
0.02 kW m~3 for a 9 months lasting process for 197 m® of material
(Schuchardt, 1984) to 0.2 kW m~3 for a 13 days process for 2.8 m3 of
material (Mwape et al., 2020).

The one month 16 m? pilot plant monitoring period provided a mean
thermal power output of 0.156 kW m~3 (Zantedeschi, 2018)

Further data and information were collected from the Native Power
Organization and Biomeiler, which are both commercial enterprises that
focus on woodchip composting to propose a list of preferable dimensions
based on their experience in order to maximize heat production starting
from an available volume of woodchip.

According to all of the values reported in Table 2, a power value
equal to 0.05 kW m~3 was used since it aligned most closely to the real
cases implemented are the farmhouse.

The energy of the farmhouse CHRS case-study was estimated as fol-
lows:

kW

—%
m3

55 m3*24ﬁ*365i = 24,090 kW h year™ (15)
d year

0, =005

Considering that the annual energy consumption of the farmhouse is
69,840 kWh y~1, for UHS and DHW, the CHRS was estimated to achieve
around 34.5% of the energy needed by the farmhouse.

3.2. Economic evaluations

To evaluate costs related to the alternative technologies chosen to
carry out the comparison, the technologies were designed in order to
supply different amount of energy. Solar thermal tanels and the geother-
mal plant were both designed to supply the same amount of energy pro-
vided yearly through the CHRS in the real case study (24,090 kWh y~1),
while pellet combustor and natural-gas condensing boiler were de-
signed to supply the remaining amount of energy provided by a Pel-
let Combustor in the real case study (45,750 kWh y~1); moreover, they
were designed to supply the entire amount of energy required yearly
by the farmhouse (69,840 kWh y~1). Moreover, the pellet combustor
was considered to supply the remaining amount of energy required
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Fig. 2. Total costs in 15 years (design + con-
struction + material + operational
+ dismantling) of the different scenarios,
compared considering a total amount of
energy provided to the farmhouse per year
of 69,840 kWh. (Case A = CHRS + Pellet
Combustor, Case B = Solar Thermal Pan-
els + Pellet Combustor, Case C = Geothermal
Plant + Pellet Combustor, Case D = Solar Ther-
—_— mal Panels + Natural-Gas Condensing Boiler,
Case E = Geothermal Plant + Natural-Gas
Condensing Boiler, Case F = Pellet Combustor,
Case G = Natural-Gas Condensing Boiler, Case
H = CHRS + Natural-Gas Condensing Boiler,
Case I = 2 CHRSs + Pellet Combustor).

Case H Case |

OPERATIONAL cost ®DISMANTLING costs

Fig. 3. Total CO, emissions in tc,..q related
to the utilization of the different plants in
each scenario, providing Valbona farmhouse
the necessary annual energy of 69,840 kWh,
calculated for the operative time, in 15 years.
(Case A = CHRS + Pellet Combustor, Case
B = Solar Thermal Panels + Pellet Combustor,
Case C = Geothermal Plant + Pellet Combus-
tor, Case D = Solar Thermal Panels + Natural-
Gas Condensing Boiler, Case E = Geothermal
Plant + Natural-Gas Condensing Boiler, Case
F = Pellet Combustor, Case G = Natural-Gas
Condensing Boiler, Case H = CHRS + Natural-
Gas Condensing Boiler, Case I = 2 CHRSs + Pel-
let Combustor)
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CHRSs providing 50,000 kWh y~! and supplying the remaining energy
(19,840 kWh y~1) with a pellet combustor, is the most economical con-
venient solution. This study thus demonstrated that implementing a
CHRS results in a significant cost savings. While involving a geothermal
plant, even if it can be considered a sustainable alternative (Moya et al.,
2018), according to the results obtained in this study, is not economi-
cally advantageous for domestic heating relative to any of the proposed
solutions.

3.3. Mass and carbon balance

To evaluate the amount of carbon produced and the amount of car-
bon stored in the compost, it was necessary to evaluate the degradation
rate of the plant. In order to do that, compost samples were taken from
the farmhouse CHRS plant and were collected are three different points
of the system (i.e., at the end of the process and at a depth of 70-80 cm)

and were analyzed at the Laboratory of Sanitary Engineering of the Uni-
versity of Padova.

These samples were compared to the lab scale test lasted 8 months
previously explained. Comparing the values of the VS at the end of the
biodegradation process of both cases, it was determined that the final
VS of the samples taken from the real CHRS and the final VS of the lab
test biomass were similar, as reported in Table 6. Therefore, the rate of
degradation obtained from the lab tests would also be valid for the real
CHRS. Therefore, the degradation efficiencies of the biomass of the 8
months lab test calculated on VS and DM (Table 7) were also assumed
to be valid for the real CHRS plant. The average degradation efficiency
for the CHRS was 49.8% on the DM and that the compost formed during
the composting process was the remaining 50.2 % (on DM basis relative
to the initial feedstock).

The compost obtained from the CHRS contributes to maintaining the
organic carbon content of the soil at or above values normally present in
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Table 6

Volatile solids contents of mixed biomasses simulating CHRS material after 8
months aerobic biodegradation lab test and VS % of Valbona’s CHRS compost
samples collected after 12 months of activity.

Material Time of Volatile solids
degradation (88 "pm)
(months)

Fine-grained woodchips 8 67.6

Coarse woodchips 8 81.4

Acacia wood scraps 8 73.1

woodchips from CHRS - north sample 12 74.0

woodchips from CHRS - south sample 12 81.0

woodchips from CHRS - middle 12 88.0

sample

Table 7

Efficiency of degradation of mixed biomasses simulating CHRS material from
lab test lasted 8 months.

Material Degradation Degradation
Efficiency on VS Efficiency on
(%) DM (%)

Fine-grained woodchips 60.4 66.3

Coarse woodchips 15.5 27.1

Acacia wood scraps 49.6 55.9

Average 41.8 49.8

nature. With the estimated degradation efficiency, the amount of com-
post obtained at the end of the process occurring inside the CHRS and
the amount of carbon that can be stored were calculated as follows.

Considering that the density of woodchips with the 45% of humidity
is equal to 400 kg m~3 ((AIEL 2021)), the total amount of dry matter
into CHRS will be:

EFM kg

k
M, =55 m3*400—3*0.55kﬂ =12,100 kgpyy
m

8FM

Since the efficiency of degradation of woody materials tested in lab-
oratory experiments (data reported in paragraph 3.1) resulted 49.8%
on the dry matter, the remaining woodchip material after degradation
occurs, will be 50.2% of its initial dry weight, therefore the amount of
compost produced can be considered equal to:

Me = M, 0.502 = 12,100%0.502 = 6,074.2 Kg,omposs

(16)

an

The amount of compost produced was useful to calculate the amount
of carbon in terms of CO,-eq stored in the soil over long periods by
applying the produced compost to the soil.

3.3.1. CO, stored and CO, saved

According to Suzuki et al. (2004), the organic carbon fraction in ma-
ture compost (recorded after 10 months of the composting process) from
swollen chipped wood is 37%. Using this value, the amount of organic
carbon stocked in the compost was calculated as follows:

Cs = Mc#0.37 = 6,074.2x0.37 = 2,247.5 kg, (13)

After application of the compost to soil, the carbon will par-
tially degrade over longer periods (10-100 years). According to
Hermann et al. (2011), approximately 23% of the organic carbon re-
mains in the soil as humus. Considering the same period of time, ac-
cording to Franz et al. (2009), about 8.2% of the organic carbon sup-
plied with the compost would still be available in the soil. In order to
calculate the carbon stored in the soil over 100 years related to this case
study, an average value of 15.5% was considered:

C Cs%0.15 = 2,247.5%0.15 = 348.4 kg (19)

Which correspond to 57.4 kg, t™! of compost. In terms of kg of CO,-
eq in 100 years in the soil are stored:

stored =

kgcon
kgc kol kgeor—eq
CO,—-eq=574 * =210.3 (20)
Teompost 12 :gCI compost
mo.

10
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Table 8
Emission factors considered for the calculation of the total emissions in terms
of CO,,

Specific emission factors

Natural gas 0.259 kgco, kWh-! ISPRA (Caputo, 2017),
combustion AECOM 2010

Pellet combustion 0.009 kgco, kWh-! AECOM 2010
Average value 0.544 kgcop kWh-! ISPRA (Caputo, 2017)
considered for the use

of electricity

Gasoil 3.17 Kgcor kg! APAT, ISPRA

(Contaldi and
Ilacqua, 2003)

Over 15 years, the total amount of compost produced every 12
months from the analyzed CHRS is approximately 91.1 t, hence the
amount of organic carbon stored in the soil over 100 years in terms
of COy-eq will be 19.2 tggg.eq corresponding to 24.9 kgeog.eq m~3 of
biomass used to fed the system for a total amount of 770 m? of chipped
biomass used inside the plant (considering to change the biomass every
24 months). This means that with respect to the total amount of energy
provided through the CHRS, the amount of carbon that can be stored in
soil for over 100 years is 0,05 Kgco.eq kWh-1.

Adding one CHRS to the real case to provide a total amount of en-
ergy of 50,000 kWh y~! only through CHRS and just the remaining
19,840 kWh y~! with a pellet combustor (Case I) promoted the stor-
age of carbon in the soil over 100 years of up to 38.3 teog.eq.

The CO,-eq that can be stored in soil is represented in Fig. 3 and
includes the tons of CO,-eq emitted over the entire operative lifetime of
the different scenarios. If the carbon was emitted the values is expressed
as a negative value of the CO,-eq. Therefore, the values in Fig. 3 do
represent an estimation of the amount of CO,-eq that is not released
into the atmosphere over 100 years.

Moreover it is possible to have an estimation of the CO, saved, that
are avoided emissions of fossil CO, equivalents (i.e., not released into
the atmosphere) using the different technologies. For each one of the
eight scenarios, the direct emissions in terms of tgoy.eq related to the
operative lifetime of 15 years were calculated using the appropriate
emission factors found in the literature (reported in Table 8).

The calculated CO, total emissions were then compared in order to
estimate how much CO, is saved over this period of time thanks to the
implementation of the CHRS instead of other systems.

For the CHRS, the total amount of emissions are mainly due to the
leachate recirculation pump that works mainly during the first 15 days
of the plant operation each year, to recirculate the produced leachate in-
side the CHRS. Over the 15-year period, the plant needs to be rebuilt 14
times and the material needed to be chipped using of a chipper machine
that contributed to CO, emissions. The total emissions calculated for
one CHRS over 15 years providing 24,090 kWh y~! was 0.76 teo2-eqs fOT
two CHRSs providing 24,090 kWh y~! each resulted in a total amount
of 1.49 tgog.eq-

In regards to the solar thermal panels, there were no global warm-
ing emissions associated with generating electricity from solar energy
which is why Case B turned out to be the less impacting in terms of
CO,-eq emissions. If the entire life of these plants is considered, there
are important emissions associated with other stages of the solar panels
life cycle, especially in terms of manufacturing, materials transportation,
and dismantling. Considering just the operative time, the total amount
of CO,-eq for solar thermal panels over 15 years is equal to zero.

For the geothermal plant, the total amount of CO,-eq emissions is re-
lated to the energy required by the compressor of the plant. A coefficient
of performance of 4 was assumed. The total amount of CO,-eq produced
by the geothermal plant over 15 years providing 24,090 kWh y~1, re-
sulted to be more than 49.14 tcoy.eq-

For the pellet combustor and the natural-gas condensing boiler, the
combustion process is responsible for the primary fraction of the total
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emissions of CO,, calculated through the use of the emission factors 3
reported in Table 8 and multiplied for the kWh provided by the system. 2
For the pellet combustor the emissions related to the transport of the d °
pellets during the operation time were considered, assuming an average QEi - § §
distance to be travelled of 10 km and with a gasoil van able to transport g =] E;
a pallet of pellets of about 70 bags (i.e., average number of bags per & Ej .
pallet) consuming one liter of gasoil per kilometer travelled. § s E i:, _‘:, g oa
The total amount of CO,-eq emissions of the pellet combustor over § §08E(5 ¢ 3
15 years providing 45,750 kWh y~! (Cases B and C) resulted to be more & -
than 6.51 tggg.eq, Providing 69,840 kWh y~! resulted to be almost 10 E R
tcoz-eq and providing 19,840 kWh y~1 (Case I) resulted around 3 tco2-eq- = i g E
The total amount of CO,-eq emissions of the condensing natural gas 2 o O = -
boiler in 15 years providing 45,750 kWh y~! (Cases D, E, and H) resulted 5 § 5
to be 177.51 tgog.eq and providing 69,840 kWh y~! (case G) resulted to a4 i o }1, o N
be almost 271 tgo.eq £ & % s g E § S E
As shown in Fig. 3, Case G (total amount of energy provided through 8
the use a natural gas condensing boiler) turned out to be the worst solu- g -
tion in terms of CO, emissions. The similar observation was made for the L% z § % Z g § 2
other alternative scenarios including the production of energy through - §222|2 8§ <
a natural gas condensing boiler (Case H, E, and D). 5 °
In Table 9, the total emissions in tgpg.eq and the unit emissions in = . %L -
Kgcog.eq KWh™! for each scenario are reported, calculated for the oper- g § § g 9 § §
ative lifetime of 15 years. In each scenario, the total amount of energy 5
of 69,840 kWh y~! is provided. 2 2
Starting from the assumption that Case B considers no emissions at = g |g n
all related to solar thermal panels (not realistic) with a total amount of & § 2 E
CO, emissions in 15 years equal to 6.51 tgpy.eq due just to the use of £ 2=
Pellet Combustor, the real case (Case A) turned out to be convenient .E’ @ E‘TJ% n
even in terms of CO, emitted (7.28 tgoy.eq in 15 years). Therefore, im- :G;'J gesgip E E 2
plementing the real Case A allows to save up to almost 264 tggy oq in 15 % ComMl Sa e
years, respect to the use of one Natural Gas Condensing Boiler, that in °
terms of kgqop.eq kWh~! corresponds to 0.252 Kgco2-eq Saved per kWh § 2 |8 =
of energy provided. g £ g2 x
Considering to add another CHRS in the real case A (obtaining Case I, % . § %
with 2 CHRSs + pellet combustor), resulted the most convenient solution St A 227 -
in terms of CO,-eq emissions. Indeed, the total emissions produced in 82 2 ET+ ‘E a E 3
one year with a Pellet Combustor resulted equal to almost 189 kgcoy.eqs T Cumxln o= ©°
with a total production for the entire Case I (2 CHRSs + 1 pellet com- = é .
bustor) of 4,3 tgp.eq in 15 years, even lower than case B, almost halving % g T _
the emissions respect to the real Case A. Adding a CHRS plant to the real 9 £ z oy 9
case to cover more than the half part of the required energy with these ER =2
systems, allows to save 3 tggp.eq in 15 years, equal to 0.003 kgcgp.eq PET i Té § 3
kWh of energy provided. g 21%:2% | =8 B
£2|S68 |8 $8B S
3.4. Economic and environmental affordability Pl 4
2| 2
Valorization of residual biomass from agro-forestry activities by heat g ‘g z - © E
recovery and compost production through a CHRS, could be a good solu- = E E z
tion in terms of both cost and CO, savings. This can be clearly seen from g g 2 Z
Table 5 and Table 9 resuming costs and carbon emissions calculated for E_, _a:a 2 5 E o . s
the nine scenarios providing the same amount of energy (69,840 kWh £5(S5% |6 o e 3
) Y| o
Case A (real case - one CHRS and one pellet combustor) and Case ° % s £
I (2 CHRSs and one pellet combustor) were found to provide sufficient o o |2 -;‘: = o B
energy for DHW and UHS at competitive prices of 0.087 € kWh~! and E e ; Y ©
0,074 € kWh~1, respectively, especially in respect to the cases involving 35_ § g § f
the implementation of a geothermal plant (Cases C and E), where the 63 E < 2 5 2 e B
unit prices were 0.120 € kWh~! and 0.124 € kWh1, respectively (Case S §|85T |8 59 S
E included the use of a condensing natural gas boiler). Hence, even if ° E % "
the geothermal plant is convenient in terms of CO, emissions, it is very g 3 5 o E v 22
expensive with respect to the other considered alternatives. Moreover, it - a =2 3 S % £
is interesting to note that, considering only the green technologies used é & " E = % A E i
for comparison (Compost Heat Recovery System, solar thermal panels S5 g 2 ‘E ~8 ‘i@ Z
: a2 8 |2 =% g5 3o0q
and geothermal plant), much lower costs are related to the materials 9 E 2|2 “EJE 4E8 ¢
involved with the construction of a CHRS respect to the other two green -E '5 § 9 888828

technologies. Indeed, the cases A, B and C involving CHRS, solar thermal
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panels and geothermal plant respectively, each of which combined with
a Pellet Combustor, showed that cases B and C require much higher
initial costs, that are made on the sum of design cost, installation cost
and materials cost. For the Case A the total initial costs are 13,130 €, for
the case B 30,190 € and for the Case C 50,895 €. This is an aspect that
can limit a lot the user’s choice to install a green technology respect to
a traditional one. CHRS allows to decrease a lot the initial costs a user
has to meet when installing a new green technology.

Regarding the CO, emissions to the atmosphere solely during the op-
erative phase, it turned out that the implementation of a CHRS coupled
with a pellet combustor instead of implementing a natural-gas condens-
ing boiler, promoted a saving of up to 0.252 kgcog.¢q Per kWh of energy
provided for a total amount of CO, saved in 15 years which is equal to
almost 264 tgp.eq. Concerning the carbon balance, the implementation
of one CHRS working for 15 years, promoted the storage of carbon in the
soil over 100 years of about 0.05 kggog.eq Per kWh of energy provided
for a total amount of CO,-eq storable in the equal to 19.6 t kggop.eq.
This amount doubles with two CHRSs.

The accelerating rates of climate change are considered to have po-
tential influence on ecosystems functioning including organic carbon
storage in soil (Li et al., 2020). Land use change causes perturbation
of the ecosystem and can influence carbon stock and flown, especially
organic carbon storage in soil Lal (2005). The depletion of soil organic
carbon stock is attributed to numerous factors, including the decrease of
biomass returned to the soil Lal (2005) and the application of biosolids
such as compost to the soil offers an opportunity for soil carbon seques-
tration (Harrison et al., 1995). Preserving and promoting organic carbon
storage in soil is considered as a potentially effective strategy to mitigate
global climate change (Li et al., 2020). This study showed that the use
of CHRSs allowed to reduce atmospheric emissions while improving soil
properties through the storage of carbon in soil thanks to the production
of compost; therefore, it can be considered a technology that offers the
opportunity to produce energy while improving carbon sequestration,
enhancing the climate change mitigation.

Moreover, transition to a circular economy requires improvement in
both environmental and economic performances of renewable energy
systems within the context of sustainable energy and climate change
mitigation (Kosmadakis et al., 2021). Stabilizing the atmospheric con-
centration of anthropogenic GHGs will require decarbonization of the
global economy during the next century and this goal implies massive
expansion of renewable, CO,-free sources of energy and renewable en-
ergy need to play a significant role in our future at a reasonable cost;
this depend on continued technology progress (Arent et al., 2011). This
study demonstrated that the use of CHRSs allow to produce sustain-
able domestic thermal energy at a reasonable cost. Equitable, sustain-
able and livable societies should use the materials embedded in waste’s
flows and should be based on the production of energy from these re-
sources (D’Adamo et al., 2021). Authors demonstrated that the CHRS
could represent an alternative viable solution for sustainable and eco-
nomic energy production from waste sources.

4. Conclusions

The present work compared different scenarios for providing the
same amount of thermal energy to a Farmhouse. It included an innova-
tive system (CHRS), two green technologies (solar thermal panels and
geothermal plant) and two traditional technologies (pellet combustor
and natural-gas condensing boiler).Considering both the economic and
environmental aspects in terms of CO, emissions, implementing a CHRS
turned out to be the best solution and was also even better when consid-
ering the implementation of two CHRSs to cover more than half of the
total amount of energy needs of the farmhouse. In according with the
main findings of this research, it is possible to affirm that the CHRS has
great potential to furnish renewable heat at competitive prices, while
providing other ecosystem services such as carbon storage and nutri-
ents cycling to soil, being also a solution that could serve as an incen-
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tive for farmers towards the introduction of agroforestry practices and
landscape features.

Based on the objective of optimizing waste management strategies,
with a particular focus on resource conservation and climate protec-
tion, the process of energy recovery using a CHRS and biomass recycling
should be considered in the future as a complementary system to cover
at least 50% of the energy need for a building, as required by national
policies.
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