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Experimental study and Life Cycle Assessment of biomass small-scale trigeneration plant 1 

 2 

Abstract 3 

The search for new energy sources and the exploitation of renewable energies is moving on 4 

various fronts with the awareness of having to modify the abuse of fossil fuels. In these terms, 5 

the biomass gasification process is recognised as a sustainable energy production technology 6 

which, in addition, can also contribute to a circular economy. The study presents an Italian case 7 

study of a pilot micro-trigeneration plant based on the gasification of wood chips and residual 8 

lignocellulosic biomass. The pilot plant was designed to meet the demand for electricity, 9 

domestic hot water, heating and cooling of a municipal office. Using Life Cycle Assessment 10 

(LCA) techniques this study provides an estimation of resource consumption and emissions to 11 

air, water, and the soil of energy recovery from residual biomass. Results point out that 12 

greenhouse gas emissions are very low, thus biomass can consider a renewable source and its 13 

use represents an attractive sustainable alternative to fossil fuel. 14 

Keywords: Life cycle assessment, bioenergy, wood chips, gasification, cogeneration.  15 

Acronyms 16 

CHP Combined Heat and Power 

CMD Costruzioni Motori Diesel 

DTI Department of Trade and Industry 

FU Functional Unit 

GHG Greenhouse Gas 

ICE Internal Combustion Engine 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

LCA Life Cycle Assessment 

LCIA Life Cycle Impact Assessment  

LCI Life Cycle Inventory  

mCHP micro–Combined Heat and Power 

WHR Waste Heat Recovery 

 17 

1. Introduction 18 

Energy plays a fundamental role in human life. The energy demand is constantly growing due 19 

to a constant increase in the world population (IEA, 2014). The current system is characterised 20 

by a global economy that requires increasing amounts of energy at a lower cost, at the expense 21 

of ecosystems and human health (Global Sustainable Development Report, 2019). Most of the 22 
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energy still comes from exhaustible fossil sources. Beyond scarcity, fossil fuels are not evenly 23 

distributed and often come from politically unstable countries (IEA, 2010). In addition, 24 

producing energy from fossil fuels is responsible for high environmental impacts on a local, 25 

regional, and global scale (Hammond, 2004), as the distribution of fossil fuels is not uniform. 26 

With advancing climate change, the pressure to reduce CO2 emissions is rising (Gompf et al., 27 

2020). To address these problems, the scientific community is focusing on the effective use of 28 

energy, by optimizing its use and minimizing waste as well as by replacing energy from fossil 29 

fuels with energy produced from renewable sources (Rodrigues et al., 2019). Bioenergy is 30 

considered one of these possible sources of energy. Wood and other forms of biomass, such as 31 

energy crops and agricultural, forestry, and industrial waste, may represent easily available 32 

renewable energy resources (Bridgewater, 2004, Di Fraia et al., 2020). Replacing traditional 33 

energy sources with biomass reduces the dependence on imports of fossil fuels and positively 34 

affects the economic costs of energy supply as well its environmental impact (Miralles et al., 35 

2020). In addition, recovering residual biomass allows reintroducing a waste in the cycle 36 

contributing to a circular economy. Different process can be used for energy recovery from 37 

biomass: thermochemical processes, biochemical/biological treatments, or mechanical 38 

extraction of oils (McKendry, 2002a). The thermo-chemical conversion includes combustion, 39 

pyrolysis, gasification, and liquefaction, whereas digestion and fermentation are classified as 40 

biochemical/biological conversion processes (McKendry, 2002b). In particular, thermo-41 

chemical conversion appears to be suitable at a small scale when it is coupled to combined heat 42 

and power (CHP) systems (Chang et al., 2019) and trigeneration systems based on internal 43 

combustion engines. Trigeneration systems can use a variety of renewable energies, including 44 

jatropha oil (Temir et al., 2004), wood (Eicker et al., 2011), biogas from sewage (Bruno et al., 45 

2009), willow, rice husk, miscanthus (Huang et al., 2011) and biomass (Wang et al., 2015). 46 

About biomass, among thermo-chemical processes, the gasification process is suitable for 47 

various types of biomass and is characterised by a lower environmental impact compared to 48 

conventional combustion (Werle, 2013). The most used method for assessing environmental 49 

impacts is Life Cycle Assessment (Quinteiro et al., 2019; Colangelo et al., 2020; Croft et al., 50 

2019; Petrillo et al., 2016). There are several authors who have studied biomass gasification 51 

through this methodology. As regards the evaluation of the raw material, the GHG emissions 52 

produced by the biomass co-firing in coal-fired plants to produce electricity were studied, 53 

comparing the results with other feedstocks, such as coal and natural gas (Zhang et al., 2009; 54 

Froese et al., 2010). The analyses pointed out that reducing the use of fossil fuels and including 55 

biomass fuel substitution allows reducing GHG from the energy generation sector (Froese et 56 
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al., 2010). Other research groups focused on district heating networks powered by gasification 57 

of different fuels, such as forestry residues, recycled wood, and natural gas (Puy et al., 2010; 58 

Pa et al., 2011; Pucker et al., 2012). The study of technology brings out information about the 59 

impacts of GHG emissions. Gonzales et al. (2012) define the biomass gasification process as 60 

an economically advantageous solution for producing syngas with medium/low heating value 61 

that can be transformed into electricity. Another study concerns the evaluation of biomass fed 62 

CHP compared to fossil fuels in a large-scale plant, which showed that the use of biomass 63 

reduced GHG emissions, but produced higher acidification impacts (Kimming et al., 2011). A 64 

study conducted by British Columbia analysed GHG emissions from bioenergy systems with 65 

different capacities and the results show that replacing fossil fuel with biomass generates a net 66 

reduction of up to 41E+06 CO2 eq. (Cambero et al., 2015). In general, the analysis of the 67 

literature reveals that the production of electric energy through biomass gasification produces 68 

much lower CO2 emissions than fossil fuel gasification processes (Barros et al., 2020; Agostini 69 

et al., 2020; Smith et al., 2019). In particular, a trigeneration system allows emissions to be 70 

reduced by 20% -35% compared to a conventional system that produces the same outputs 71 

separately (Leonzio, 2018). For this reason, this paper aims at assessing the environmental 72 

impact of a micro-trigeneration system based on residual biomass gasification. The peculiarity 73 

of this plant is represented by an ad hoc design. That is to say that the pilot plant has been 74 

designed to serve a fraction of the electricity demand of the municipal office of a city located 75 

in Campania (Southern Italy) and the heating and cooling of the rooms and the supply of 76 

domestic hot water. The success factor of the plant is at the local level. Cogeneration technology 77 

is very suitable for space heating. Southern Italy is characterised by a warm temperate climate 78 

and therefore the rooms heating needs exist only in winter, while in late spring and summer 79 

there is a strong need to cool them. The consequence is a high energy consumption which leads 80 

to peaks in electricity demand and an imbalance of the Italian electricity grid. Therefore, the 81 

main advantages of trigeneration are to lighten the electricity grid when the demand is very 82 

high and the reduction of CO2 emissions (Salem et al., 2018). In addition, trigeneration plant 83 

realization has made it possible to combine projects for the recovery, transformation and 84 

enhancement of biomass with the generation of energy and the supply of services to the 85 

territory. Thanks to this process it is possible to maximize the productive and employment 86 

potential of the territory of southern Italy. The main novelty of the present sudy is that it is an 87 

original study well focused on an Italian case study. The study is based on real data, which is 88 

primary data (and not on scondary data). Therefore, the use of primary data based on specific 89 

industrial data, which often suffer from confidentiality problems, represent a great contribution 90 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

 

from scientific point of vew. The results aims to be a guideline for decision makers and 91 

researchers interested in this topic. The rest of the paper is organized as follows: Section 2 92 

presents methods applied in the context of LCA and system is described; Section 3 explains in 93 

detail goal and scope definition, function unit, system boundaries, inventory analysis; Section 94 

4 discusses results of the study; Section 5 reports life cycle interpretation. Finally, in Section 6 95 

main conclusions of the research are summarised. 96 

2. Material and methods 97 

2.1 Methodology 98 

The adopted methodology consists of four steps to implement the well-consolidated LCA 99 

analysis. The LCA analysis methodology is structured according to 14040:2006 100 

“Environmental management - Life cycle assessment - Principles and framework” standards 101 

which provide a methodological reference framework. In addition, ReCiPe 2016 method is used 102 

to quantify the life cycle impacts on human health, ecosystem services and natural resources. 103 

ReCiPe 2016 contributes to a better understanding of the environmental impact of goods, 104 

services and processes and products, compared to the previous version, is updated with current 105 

scientific knowledge (RIVM Report, 2016). The approach adopted in this LCA analysis focused 106 

on the evaluation of key issues, using the midpoint with a hierarchical perspective (ReCiPe 107 

midpoint (H)) is used. The hierarchical perspective (H) is based on the most common policy 108 

principles, which is why it is considered predefined, as it assesses the medium-term impacts 109 

(e.g., a 100-year timeframe for global warming) and it coincides with the view that impacts can 110 

be avoided with proper management. The choice to adopt the midpoint approach is based on 111 

the awareness that, in general, midpoint indicators are more comprehensive because they are 112 

detected for a wider variety of impacts (Bjørna and Hauschild, 2015; Wolfova et al., 2018; 113 

Alyaseri and Zhou, 2017; Teixeira, 2014; Takayama et al., 2013) and are specified at the 114 

intermediate level along the mechanism. 115 

2.2 Biomass small-scale cogeneration plant  116 

CMD ECO20 plant is designed by the Italian company Costruzioni Motori Diesel (CMD) 117 

S.p.A. for the combined production of electricity and heat by thermo-chemical decomposition 118 

of wood chips and residual lignocellulosic biomass at high temperature (from 600 to 1000 °C) 119 

in the absence or with minimum quantities of oxygen (pyro-gasification) (Stasi E. et al, 2020). 120 

The considered unit integrates an Imbert downdraft gasifier, syngas cleaning devices, a spark 121 

ignition reciprocating ICE and an electrical generator. The CMD ECO20 is designed to process 122 

woodchips or briquettes of residual materials from wood industry, agro-industry such as the 123 
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olive oil, rice industry, canning industry and pruning of public green areas, Characterised by 124 

G30 size (1.50–3.00 cm) with a maximum humidity of 20%. The woodchips or briquettes of 125 

residual materials are moved to the gasifier through the hopper and a loading apparatus coupled 126 

with an auger placed on the top. The gasification reactions convert the raw materials into 127 

syngas. In particular, the gasification process converts biomass into a gaseous heating fuel at 128 

temperatures range of 300-900 °C, in the presence of a sub-stoichiometric percentage of an 129 

oxidizing agent, typically air for economic reasons. The product obtained is a mixture of 130 

gaseous fuel (crude syngas), consisting essentially of CO, CO2 H2, and CH4. The syngas is sent 131 

to a cleaning system Characterised by a reactor cyclone, a cooler self-scrubber, a biological 132 

filter and a last cyclone. The filtered and cooled syngas is then aspirated by the engine. The 133 

internal combustion engine (ICE) produces the electrical energy that can be delivered to the 134 

national electric grid, while thermal energy can be recovered from ICE exhaust gases, by using 135 

the shell and tube heat exchanger, as well as by the engine cooling system using the plate heat 136 

exchanger. The thermal energy is used to provide hot water, space heating and space cooling. 137 

For space cooling an absorber must be implemented. After the heat exchange, the exhausts are 138 

released to the atmosphere. The system is fully automated, electronically managed at each stage 139 

of operation. The micro-CHP (mCHP) can produce electrical and thermal power up to 20 kWe 140 

and 40 kWth, respectively. Figure 1 shows the CMD ECO20 and the plant scheme.  141 
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  142 

Figure 1: CMD ECO 20 plant: (a) plant scheme; (b) physical plant 143 

3. Performing Life Cycle Assessment 144 

3.1 Goal and scope definition 145 

The main goal of this study is to assess the potential environmental impacts of the production 146 

of heat and power through biomass gasification. It is intended that the results generated can be 147 

used to understand the relative impacts of different aspects of the biomass gasification plant’s 148 

construction and operation. Hence, the objective is to highlight the most important factors that 149 

affect the environmental load of the biomass gasification plant.  150 

3.1.1 Functional unit 151 

The functional unit (FU) of the study is 1 MJ of electricity produced from the plant. Total 152 

electricity and total thermal energy are produced in 3654 operating hours, corresponding to one 153 

year of operation, and amount to about 320 GJ/year and 110 GJ/year (Table 2). The hours of 154 

operation were estimated according to the operating hours established by the CMD company. 155 

Subsequently, functional unit of 1 MJ of electricity were fixed. In addition, it is also important 156 

to specify that the plant is sited in southern Italy. Indeed, the system serves a municipal office 157 

that has specific operating hours. For the LCA analysis, it is particularly interesting to 158 

understand the overall impacts also in relation to the useful life of the plant, that is estimated 159 

that it is equal to 12 years. 160 

3.1.2 System boundaries 161 

The system boundaries contain the main production processes of electricity and thermal energy. 162 

The study follows the cradle-to-gate approach (Adams et al., 2014). The reason for this choice 163 
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is the awareness that the production is the most relevant phase in terms of environmental impact, 164 

as demonstrated by several authors (Khasreen et al., 2009; Schneider et al., 2011). The study 165 

includes plant construction and energy conversion, including materials and resources necessary 166 

for the construction and operation of the plant. Energy conversion concerns all the operations 167 

starting from the introduction of biomass inside the gasifier, through a hopper, up to the 168 

production of energy, supplied by a cogeneration engine that uses the syngas produced by the 169 

gasifier. Biomass that feeds the plant is supplied on site. The lack of information on local 170 

biomass used, for example in smallholder farming systems, has hampered the integration that 171 

would be possible using secondary data. This approach would take us away from the intent of 172 

our study, based entirely on primary data. Entering a part of the life cycle with secondary data 173 

would lead to greater uncertainty. Therefore, the pre-treatment (production and preparation) 174 

phase is not included in the study. Figure 2 shows a simplified schematization of the analysed 175 

system. 176 

 177 

 178 

Figure 2: Simplified system diagram 179 

The LCA analysis includes the phases of plant construction and its operation Figure 3 shows 180 

the system boundaries according to a cradle-to-gate approach, which include the construction 181 

and operation of the plant. 182 

 183 
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 184 

Figure 3: Plant system boundaries 185 

Use phase and the end-of-life are excluded. In particular, for the end-of-life, the technology 186 

used for the plant is relatively new, therefore enough indications are not available to analyse 187 

the dismantling and disposal of the plant. It follows that these operations are not included in the 188 

study. 189 

3.2 Life Cycle Inventory (LCI) analysis 190 

In this section the data collection relating to the CMD ECO20 system is reported. A description 191 

of the main aspects of the LCI is presented here. A further detailed description of the LCI can 192 

be found in Supplementary Material. 193 

3.2.1 Plant construction  194 

All equipment elements in the plant have been included within the confines of the construction 195 

system. For the equipment, the respective information refers to the technical data sheets 196 

provided by the company CMD S.p.A., by the manufacturers. Both the technical data sheet and 197 

the available literature were consulted only for the absorber. The first component is the hopper. 198 

It consists of an auger, tank, and distributor loading system made of AISI 316L stainless steel 199 

and a conveyor belt loading system made of AISI 304 stainless steel and rubber. The second 200 

component of the plant is the gasifier. The ignition of the biomass requires electricity through 201 

an ignition electrode for triggering reactor. The raw material in a few minutes is ignited (15 - 202 

30 minutes with a maximum humidity of 20%), therefore the associated amount of electricity 203 

can be neglected. The data relating to the gasifier have been provided by the company CMD 204 

S.p.A. and refer to the entire component. It consists of sheets, tubular profiles, and pipes made 205 
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of AISI 316L stainless steel. The third element is the cleaning system, also made of the same 206 

steel. The next component is the internal combustion engine (ICE), the Vortec 4.3L V-6 model, 207 

produced by GM Powertrain. From the technical datasheet, it appears that the motor is mainly 208 

made of cast iron and has a total weight of 195 kg. Downstream of the ICE, there is the thermal 209 

side of the plant. It consists of two heat exchangers, that are one plate heat exchanger and one 210 

gas/water exchanger, and the absorber. The materials with which both exchangers are made are 211 

AISI 326L stainless steel. The gas/water exchanger is also made of cast iron. The last 212 

component is the absorber, which is made of stainless steel, aluminium, and copper (Beccali et 213 

al., 2010). In the absence of details about the type of stainless steel, it is assumed the use of 214 

stainless steel AISI 316, as it is widely used in aggressive contexts, where there are many 215 

corrosive factors prolonged over time. AISI 304 stainless steel is included, while AISI 316L 216 

stainless steel is not included. However, AISI 316 is present, which differs from the AISI 316L 217 

alloy in the percentage of carbon: the quantity present in AISI 316L stainless steel must be less 218 

than or equal to 0,03% while in AISI 316 stainless steel less than or equal to 0,07%; all the 219 

other elements present in the two alloys are equivalent. Furthermore, the creation of both alloys 220 

takes place through the same process and the same technology. It is, therefore, possible to 221 

consider AISI 316 stainless steel in place of 316L. Table 1 shows a summary of the data used 222 

for data collection relating to the plant construction. 223 

Table 1: Life cycle inventory data for the plant construction 224 

Component Material Weight [kg] Origin of data Type of data 

Hopper AISI 316L 17 CMD Spa Primary 

Rubber 0.5 

AISI 304 0.5 

Gasifier AISI 316L 1650 CMD Spa Primary 

Cleaning system AISI 316L 70 CMD Spa 

ICE Cast iron 195 CMD Spa 

Plate exchanger AISI 316L 6.6 Data sheet Maya Spa - Yazaki Secondary 

Gas/water exchanger AISI 316L 11 Data sheet Maya Spa - Yazaki Secondary 

Cast iron 5.6 

Absorber Carbon steel 136 Beccali et al (2010) Secondary 

AISI 316L 196 

Aluminium 10 

Copper 5 

 225 

3.2.2 Plant operation  226 

This section provides an overview of the plant operation inventory data. CMD ECO20 operates 227 

for 3654 hours per year. The mCHP plant produces electricity equal to 320448 MJ/year and 228 
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thermal energy equal to 111380 MJ/year. All data derive from an energy analysis based on data 229 

provided by the company CMD S.p.A.  230 

Biomass and air 231 

The biomass used is wood chips and it is considered as a product on site. Depending on the 232 

nature of the wood, the carbon content slightly varies. In the present case study, the wood chips 233 

have a carbon content of 37.2%. The wood chips also have a water content of 15.9% and an ash 234 

content of 0.3%. The required biomass flow rate for the gasification process is 21 kg/h. Air is 235 

used as a gasifying agent to produce syngas. The demand for air is 20 kg/h. 236 

Ash 237 

The biomass gasification process produces a certain amount of ash. From the analyses carried 238 

out by the company, it was found that the ash produced is about 5% of the total biomass 239 

introduced. Therefore, considering the average hourly capacity of the biomass, 1.05 kg/h of ash 240 

that is equivalent to 3837 kg/year will be produced. The ashes can be reused as constituents 241 

within building materials, such as concrete mixtures. For this reason, these are considered as 242 

waste for recovery. 243 

Crude syngas 244 

Crude syngas is the main product of gasification. Data on the flow rate of each element 245 

constituting the syngas leaving the gasifier have been obtained by experimental tests carried 246 

out by CMD S.p.A. The dry and tar-free gas flow rate calculated by the company is 36.1 kg/h 247 

that is 132 t/year. 248 

Tar and char 249 

Other products of gasification are the char, a carbon solid very similar to coal, and the tar 250 

consisting of aromatic hydrocarbons of the tar type, carbon dioxide and nano-particulates. Tar 251 

is a complex of liquid organic compounds present in gases produced during gasification, such 252 

as tar aromatic hydrocarbons, excluding C1 to C6 gaseous hydrocarbons, carbon dioxide and 253 

nano-particulates. In general, it is a contaminant that must be removed before syngas is used in 254 

the ICE. The tar can lead to the blocking of the system with inconveniences related to the 255 

operation and the relative intervention costs. The total quantity of tar produced by gasification 256 

is 18.3 g, consisting of 16.49 g water and 1.81 g tar. No primary end-of-life information is 257 

available for these substances. Therefore, they are considered waste. 258 
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Water and condensate 259 

Water is used both in the cleaning system and in the thermal side of the plant. The cleaning 260 

system consists of a washing system and an exchanger to cool the syngas, before it enters the 261 

ICE. The washing system uses water with the function of purifying the crude syngas that is 262 

discharged downstream of the process. In this case, there is insufficient data available to 263 

characterise the process. For the heat exchanger, there is a closed circuit in which the flow rate 264 

of water circulating inside remains constant (Gallagher, 2009) and is equal to 0,125 m3/h. The 265 

cooling of the syngas that takes place in the heat exchanger generates the condensate that is 266 

collected in a special container. The amount of condensate calculated is equal to 2 kg/h. Of this, 267 

it is estimated that 88% is water. Another quantity of water is used in the thermal side of the 268 

plant. The plate heat exchanger needs a quantity of water taken from the grid equal to 568 kg/h. 269 

Purified syngas 270 

The syngas purification process that takes place in the cleaning system produces a quantity of 271 

gas with a lower flow rate than the incoming one. In fact, the system separates the impurities 272 

contained in the crude syngas, reducing the gas mass flow rate by 27.4%. Therefore, the purified 273 

gas flow rate is 26.2 kg/h. 274 

Lubricating oil and exhaust gas 275 

Lubricating oil and exhaust fumes are two flows that affect the ICE. The lubrication is a 276 

function of fundamental importance in ICE. The lubricating oil flow rate is 4.25 l, or 3.74 kg 277 

and it is assumed that it will be replaced after one year of operation of the system. In 278 

cogeneration plants, the exhausts are used on the thermal side to produce thermal energy. Table 279 

2 shows a summary of the data used for data collection relating to the plant operation. 280 

Table 2: Life cycle inventory data for the plant operation, where 1 year is equal to 3654 h 281 

Component Flow Unit of 

measure 

INPUT OUTPUT Origin of 

data 

Type of data 

Flow rate Flow rate 

Hopper Biomass kg/year 76734 76734 CMD Spa Primary 

Gasifier 

Biomass kg/year 76734 - 

CMD Spa Primary 

Air kg/year 73080 - 

Crude syngas kg/year - 131909 

Ash kg/year - 3837 

Tar kg/year - 1096 

Char kg/year - 5481 

Condensate kg/year - 6431 
Gallagher et 

al., 2002 
Secondary 

Cleaning 

system 

Crude syngas kg/year 131909 - 
CMD Spa Primary 

Purified syngas kg/year - 95735 
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Water kg/year - - 

ICE 

Purified syngas kg/year 95735 - 

CMD Spa Primary 

Lubricating oil kg/year 3.74 - 

Engine cooling water t/year 1590 1590 

Engine exhausts kg/year - 380016 

Electricity MJ/year - 320448 

Plate 

exchanger 

Engine cooling water t/year 1590 1590 
CMD Spa Primary 

Tap water t/year 2075 2075 

Gas/water 

exchanger 

Tap water t/year 2075 - 

CMD Spa Primary Engine exhausts kg/year 380016 380016 

Thermal Energy MJ/year - 111380 

Absorber Thermal Energy MJ/year 45402 30033 CMD Spa Primary 

Thermal user 

Space heating MJ/year 30033 30033 

CMD Spa Primary Space heating MJ/year 43632 43632 

Hot water MJ/year 24770 24770 

3.3 Life Cycle Impact Assessment  282 

This section presents the results of the third phase of the LCA methodology. The third phase of 283 

the LCA study is the assessment of the life cycle impact assessment, based on the LCI. The 284 

impacts have been calculated with respect to the functional unit which corresponds to 1 MJ of 285 

energy produced by the CMD ECO20 plant. The analysis includes the operation and all the raw 286 

materials and equipment for the plant construction. The results were characterised according to 287 

ReCiPe 2016 Midpoint (H) method and subsequently normalised according to the ReCiPe 2016 288 

v1.1 (H), Midpoint Normalization, World, excl biogenic carbon method to identify the impact 289 

categories with the highest equivalent person emission values, expressed in person equivalent 290 

(PE). Normalization showed that different impact categories have very small PE values (< 1 291 

PE). Therefore, a cut-off equal to 1 PE has been set. Categories with impacts of less than 0.1 292 

PE are not considered in the study. On the contrary, categories with values greater than 0.1 PE 293 

are analyzed. In this way, the Normalised results identified the key problems for the 294 

construction and operation of the plant. In both cases, there are significant impacts in four 295 

categories: climate change, human toxicity, freshwater consumption and fossil depletion. Metal 296 

depletion was found to be a key in plant construction, while terrestrial ecotoxicity in plant 297 

operation. Detailed results obtained during the impact assessment are shown in the next section 298 

dedicated to the results. 299 

4. Results 300 

This section is dedicated to the results of the LCA analysis. Therefore, the main results are 301 

commented on. A further detailed description of the results can be found in Supplementary 302 

Material. 303 
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4.1 Plant construction 304 

Midpoint normalised data indicate that the most significant impact categories are climate 305 

change, freshwater consumption, metal and fossil depletion, and human toxicity. Identifying 306 

the most impactful categories thanks to normalisation, the results discussed below refer to the 307 

Characterised data. The midpoint characterised results for the identified categories are 308 

presented in Figure 4.  309 

 310 

Figure 4: Characterised data for the plant construction (ReCiPe midpoint H). 311 

 312 

In Table 3 is shown a detail of the impact categories. 313 

Table 3: Life cycle impacts for the plant construction and for the plant operation (ReCiPe 314 

midpoint H) 315 

Impact category Unit 
Total  

CMD ECO20 

Plant construction   

Climate change  kg CO2 eq. 6.31E+03 

Fossil depletion  kg oil eq. 1.93E+03 

Freshwater Consumption m3 2.16E+03 

Human toxicity, non-cancer kg 1.4-DB eq. 1.11E+04 

Metal depletion Kg Cu eq.  8.87E+03 

Plant operation   

Climate change  kg CO2 eq. 202 

Fossil depletion kg oil eq. 65 

Freshwater Consumption m3 2083 

Human toxicity kg 1.4-DB eq. 80 

Metal depletion kg Cu eq. 44 

Terrestrial ecotoxicity kg 1.4-DB eq. 52 

 316 
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4.1.1 Climate change 317 

The impacts of this category are closely related to the consumption of fossil fuels in the plant 318 

construction components. Figure 5 shows that the largest contribution comes from inorganic 319 

emissions to air.  320 

 321 

Figure 5: Climate change data for the plant construction (ReCiPe midpoint H) 322 

The organic emissions to air shown in Figure 5 concern mainly CO2. The most responsible 323 

component of the impacts is the gasifier, with 78% of CO2 emissions, that are equal to 5700 kg 324 

CO2 eq. All the other components have a lower impact. In particular, the absorber and the ICE 325 

produce the same amount of CO2, which is equivalent to 7% of the total CO2 emissions of the 326 

system. The remaining 8% is produced by other components, with an average of 2% for each 327 

component. Among inorganic emissions, NOx is also found. These are produced in smaller 328 

quantities. They account for 7% of total inorganic emissions in the system. The component 329 

responsible for NOx emissions is mainly the gasifier with 70% of NOx emissions. The absorber, 330 

the ICE, and the plate exchange they contribute the remaining 30%, although the emissions 331 

come mainly from the last two components mentioned. Emissions from the VOC group are also 332 

recorded (560 kg CO2 eq.), and they are in the form of methane mainly attributed to the gasifier, 333 

with 81% of methane emissions. Among the remaining 19%, methane emissions come mainly 334 

from the absorber (7%). All other components produce methane almost equally. In fact, the 335 

hopper and the gas/water exchanger are attributed the lowest emissions, both of CO2 and 336 

methane. 337 

4.1.2 Water consumption 338 

This impact also includes both water as input but also as output. As regards inputs, the gasifier 339 

contributes a water consumption of approximately 21000 m3. The inputs associated with the 340 

plate heat exchanger amount to 2400 m3. By analysing the outputs, the emissions from the 341 
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gasifier are equal to the input value, which is about 21000 m3. The emissions from the plate 342 

heat exchanger are approximately 340 m3. Thus, the total sum of resources (input) and 343 

emissions to freshwater (output) causes the contribution for this category to be associated with 344 

the plate heat exchanger.  345 

4.1.3 Human Toxicity 346 

Human toxicity is also a particularly significant impact category in plant construction. In this 347 

study, human toxicity related to carcinogenic and non-carcinogenic substances, that are heavy 348 

metals to air and to water. In the case of carcinogenic substances, the release of toxic substances 349 

is caused by absorber and gasifier construction, with 74% and 17% of total emission 350 

respectively. Arsenic is the most widely produced element to air and to water. Among the 351 

emissions of heavy metals to air, lead was also recorded, in quantities just below arsenic. With 352 

regard to non-cancerous emissions, the absorber is the component responsible for emissions of 353 

heavy metals, with the 91% of total emissions, while the gasifier produces only 7% of total 354 

emissions. Heavy metals to air and water and are mainly zinc, arsenic, and lead, which is higher 355 

in the form of emission to air. The main results for human toxicity are summarized in 356 

Supplementary Material (Table S20). 357 

4.1.4 Resource depletion 358 

In this category fossil and metal depletion are presented. Fossil depletion concerns the 359 

consumption of energy resources and material resources. The analysis showed that the 360 

consumption of energy resources is higher than the material resources, the quantities of which 361 

are to be considered negligible. In fact, all construction materials used in plant construction 362 

require energy that is almost always provided by fossil fuels. Fossil fuel consumption is 363 

attributed to the gasifier. For a total of about 1.8 t oil eq., the gasifier contributes with the 364 

consumption of 1.5 t oil eq. About 300 kg oil eq. of crude oil and about 230 kg oil eq. of uranium 365 

are used for the construction of the gasifier. Consumption of hard coal and natural gas is much 366 

more consistent, respectively equal to 628 kg oil eq. and 640 kg oil eq. Metals are a finite 367 

resource and are the most consumed elements in the plant for its construction, so it is 368 

understandable that metal depletion is a potential problem. The material resources used in 369 

construction plant are non-renewable elements and they are mainly associated with the gasifier. 370 

In fact, this component has a steel structure with significant mass and much higher than the 371 

other components (Table 1). The non-renewable resources most used by the gasifier are 372 

magnesium (220 kg Cu eq.), molybdenum (260 kg Cu eq.), nickel (145 kg Cu eq.), and silicon 373 

(130 kg Cu eq.).  374 
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4.2 Plant operation 375 

This section shows the results for the operating phase of the CMD ECO20 plant. From the 376 

Midpoint normalised it emerges that the most significant impact categories are climate change, 377 

freshwater consumption, metal and fossil depletion, human toxicity and terrestrial ecotoxicity 378 

(details are shown in Table 3).  379 

The midpoint characterised results for the identified categories through normalization are 380 

presented in this section. From the analysis, the water of network is the flow that gives a 381 

particularly wide contribution to almost all the categories of impact against the amount of water 382 

of network that feeds the plant, that is of 568 kg/h. The midpoint results for these impact 383 

categories are presented in Figure 6. 384 

 385 

 386 

Figure 6: Characterised data for the plant operation (ReCiPe midpoint H) 387 

4.2.1 Climate change 388 

In plant operation stage, climate change refers to emissions to air, that are inorganic and organic. 389 

The emissions are recorded (202 kg CO2 eq.) and they are mainly related to the tap water (Figure 390 

7). 391 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

 

 392 

Figure 7: Climate change data for the plant operation (ReCiPe midpoint H) 393 

The water flow rate amounts to 568 kg/h and is therefore more responsible for emissions to air. 394 

For this impact category there is a total of 200 kg CO2 eq. of which 197 kg CO2 eq. are 395 

associated with water. The remaining 3 kg CO2 eq. are associated with the oil used for the 396 

lubrication of ICE components. In detail, the reported emissions are related to carbon dioxide: 397 

out of a total CO2 emissions of 170 kg CO2 eq., tap water contributes 165 kg CO2 eq. Although 398 

negligible compared to CO2, the use of the plant also generates organic emissions of the VOC 399 

group (volatile organic compounds), that is methane and methane biotic (produced by bacteria 400 

or by the degradation of organic matter), for a total of 29 kg CO2 eq. of which 28 kg CO2 eq. 401 

are associated with water. In particular, the methane emission amounts to about 14 kg CO2 eq. 402 

(of which 13 kg CO2 eq. are attributed to water) and that of biotic methane at 15 kg CO2 eq. 403 

fully associated with water. The main results for the climate change category in plant operation 404 

are summarized in Supplementary Material (Table S21). 405 

4.2.2 Water consumption 406 

The water consumption category was found to be relevant following the normalisation of the 407 

results. Specifically, this category describes the freshwater consumption that is related to the 408 

use of tap water in plant operation. In fact, use of tap water with a value of about 2100 m3. Both 409 

input and output contribute to this category. The input represents the flows referring to the water 410 

use as a renewable resource for a total of 2400 m3 and the output concerns emissions of water 411 

to freshwater for a total of 260 m3. Thus, total consumption amounts to 2140 m3 of water.  412 

4.2.3 Toxicity 413 

The observed toxicity for the operation of the plant concerns human and terrestrial toxicity. 414 

Even in these two categories, emissions are associated with tap water. It is recalled that the use 415 

of water for the operation of the plant is very large, with an annual consumption of more than 416 
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2000 tonnes (Tab. 2). The total emissions in human toxicity category amount to 80 kg 1.4-DB 417 

eq. In detail, the nature of emissions is that of heavy metals in freshwater and agricultural soil. 418 

Emissions to freshwater amount to 21 kg 1.4-DB eq. that are divided mainly between arsenic 419 

(+V) and zinc. Emissions to agricultural soil are higher: out of a total of 58 kg 1.4-DB eq., these 420 

mostly concern zinc. For the terrestrial ecotoxicity category, out of a total of 52 kg 1.4-DB eq., 421 

water contributes with 50 kg 1.4-DB eq. The metals emitted are more mercury and less silver, 422 

copper, zinc and vanadium. The main results for the toxicity categories in plant operation are 423 

summarized in Supplementary Material (Table S22). 424 

4.2.4 Resource depletion 425 

Finally, there are considerable impacts for the categories that refer to the available resources, 426 

that are fossil and metal depletion. In fossil depletion impact category water use has greater 427 

impact than the lubricating oil. In fact, out of a total of about 65 kg oil eq., water contributes 428 

with 61 kg oil eq. while lubricating oil contributes only with 4.5 kg oil eq. Use of various non-429 

renewable resources contributes to fossil depletion. Water is responsible for the consumption 430 

of 13 kg oil eq. of crude oil, 14.5 kg oil eq. of coal and 26 kg oil eq. of natural gas, while 431 

lubricating oil is responsible for the consumption of only 4 kg oil eq. of crude oil. In metal 432 

depletion category, the use of water causes an impact of 44 kg Cu eq. that is connected to non-433 

renewable resources. To a large extent, they concern sulphur dioxide in quantities of 42 kg Cu 434 

eq. To a lesser extent they are non-renewable elements that concern iron in quantities of just 435 

0.3 kg Cu eq. 436 

4.3 Extension of the plant construction 437 

In this section are reported the main results calculated with respect to the useful life of the plant, 438 

averaging 12 years. Midpoint data normalised for 12 years of operation show that the most 439 

significant impact category is the same for the plant construction referring to 1 year of 440 

operation. The midpoint results for these impact categories are presented in Figure 8. 441 

 442 
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 443 

Figure 8: Characterised data for the plant construction, referred to the plant useful life (ReCiPe 444 

midpoint H) 445 

Table 8 shows a detail of the impact categories. 446 

Table 4: Life cycle impacts for the plant construction, referred to the plant useful life (ReCiPe 447 

midpoint H) 448 

Impact category Unit 
Total  

CMD ECO20 

Climate change  kg CO2 eq. 6.26E+04 

Fossil depletion kg oil eq. 1.81E+04 

Freshwater Consumption m3 3.00E+05 

Human toxicity kg 1.4-DB eq. 3.14E+05 

Land use Annual crop eq.·y 2.53E+03 

Marine ecotoxicity kg 1.4-DB eq. 2.72E+03 

Metal depletion kg Cu eq. 9.82E+03 

Terrestrial ecotoxicity kg 1.4-DB eq. 3.45E+06 

4.3.1 Climate change 449 

The plant construction in relation to its useful life produces a total of 6.26E+04 kg CO2 eq. This 450 

value is to be attributed to the plate heat exchanger (Figure 9) which produces 3.11E+04 kg 451 

CO2 eq. This value is associated with the production of carbon dioxide in quantities equal to 452 

2.62E+04 kg CO2 eq. Although to a lesser extent, there are also VOC group emissions to air: 453 

the plate heat exchanger produces 4.25E+03 kg CO2 eq. of methane. The components with the 454 

lowest impact are the gas/water exchanger and the hopper. The gas/water exchanger produces 455 

490 kg CO2 eq. of carbon dioxide as an inorganic substance emitted into the air and 38.6 kg 456 

CO2 eq. of organic emission of the VOC group, in the form of methane. The minimum impacts 457 

between all components are linked to the hopper. In this case, in fact, the carbon dioxide 458 

production amounts to 48.8 kg CO2 eq. and methane production in an amount equal to 4.52 kg 459 

CO2 eq. 460 
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 461 

Figure 9: Climate change data for the plant construction, referred to the plant useful life (ReCiPe 462 

midpoint H) 463 

4.3.2 Water consumption 464 

Freshwater consumption has a lesser impact than terrestrial and human toxicity, but in any case, 465 

they are associated with considerable resources and emissions amounts. Freshwater 466 

consumption relating to the plant construction is entirely borne by the plate exchanger with a 467 

total of 3E+05 m3 of water. This value is the sum of the water as resource and the water emitted 468 

in freshwater. In particular, the water withdrawn amounts to 3.5E+05 m3 while the poured water 469 

amounts to 4.88E+04 m3.  470 

4.3.3 Human toxicity 471 

This group includes human toxicity. For this category, non-carcinogenic heavy metals are 472 

considered, as they are those that are released in greater quantities than carcinogenic ones. For 473 

emissions to air (1.75E+05 kg 1.4-DB eq.), the heavy metals produced in considerable 474 

quantities are lead, zinc, arsenic (+V), mercury and cadmium. The heavy metals emitted to 475 

freshwater, on the other hand, only concern arsenic in greater quantities and zinc out of a total 476 

of emissions in water which amounts to 1.25E+05 kg 1.4-DB eq. Other emissions in the form 477 

of heavy metals in the soil (agricultural, specifically) derive from the absorber, for a total of 478 

8320 kg 1.4-DB eq. Zinc is the metal that is emitted in large quantities, while less heavy metals 479 

are cadmium and silver. The heavy metals emitted into the air and to freshwater are mainly 480 

copper, zinc and arsenic (+V). The main results for the toxicity categories in extension of plant 481 

construction are summarized in Supplementary Material (Table S23). 482 
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4.3.4 Resource depletion 483 

The categories to which flows with significant quantities are associated are those also related 484 

to the availability of resources: fossil depletion and metal depletion. Fossil depletion is borne 485 

by most of the components of the plant. By analysing the components individually, the plate 486 

heat exchanger is the component that consumes most fossil resources, especially natural gas, 487 

hard coal and crude oil (Table 10). The absorber and the gasifier are responsible for the 488 

considerable consumption of hard coal and natural gas, while crude oil and uranium 489 

consumption is lower. For the ICE, consumption of natural gas and crude oil is predominant. 490 

Table 10 shows the resources consumed. 491 

Table 5: Main emissions for fossil depletion in extension of plant construction 492 

Fossil depletion 

[kg oil eq] 

Natural gas Hard Coal Crude oil Lignite Uranium 

Absorber 1300 1310 680 - 480 

Gasifier 485 510 250 - 180 

Plate Exch. 4030 2380 2020 640 500 

ICE 690 270 600 375 215 

 493 

The consumption of metals is an impacting category for the construction of the plant, as already 494 

defined in the paragraph 3.3.1. Therefore, it is understandable that metal depletion comes out 495 

as potential issue. Both the absorber (1790 kg Cu eq.) and the plate heat exchanger (6790 kg 496 

Cu eq.) are responsible for the metal depletion. The way in which the two components are 497 

responsible for metal depletion is different. The absorber consumes non-renewable elements 498 

that are copper, iron, magnesium, molybdenum, nickel and silicon. The plate heat exchanger 499 

consumes mainly non-renewable resources that concern silicon dioxide and, in much smaller 500 

quantities, calcium carbonate. This component also consumes non-renewable elements, but to 501 

a lesser extent both compared to resources and to the elements consumed by the absorber. The 502 

main results for metal depletion in extension of plant construction are summarized in 503 

Supplementary Material (Table S24). 504 

4.4 Electricity and Heat demand analysis 505 

Combined electricity and heat production offers an increase in fuel efficiency, leading to a 506 

decrease in environmental charges per unit of useful energy. The impact assessment results 507 

(presented in section 4.1) assumed that the heat was not used and emitted as waste heat. This 508 

indeed meant that the environmental costs of the plant were allocated 100% to electricity. 509 

However, as a cogeneration plant, heat is produced and used. Annual production is 320 GJ of 510 

electricity and 110 GJ of heat. However, as suggested by ISO 14044:2006 “Environmental 511 
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management — Life cycle assessment — Requirements and guidelines”, it is advisable to avoid 512 

allocation where possible. Avoiding allocation means that electricity and heat are not treated 513 

separately, keeping the electricity to heat ratio of 1:0.34. The functional unit avoids allocation 514 

and leads to 74% of the impacts deriving from electricity and the remaining 26% from the 515 

overall heat produced. The electricity produced in the cogeneration plant is used locally or re-516 

injected into the Italian national grid if in excess. The situation with the use of thermal power 517 

depends on the heat demand of the end user. The heat produced is divided into three modes of 518 

use. It is used for heating in winter and for cooling in summer, resulting in waste of heat. A 519 

third way is to use it to obtain domestic hot water. It is necessary to consider that the production 520 

of biomass is not included in this study, as a secondary raw material in the circular economy 521 

perspective. The use of waste on site will therefore produce much more favourable results than 522 

the cultivation of off-site biomass. 523 

5. Discussion 524 

This section highlights and discusses the significant issues of each aspect of the construction 525 

and operation of the plant that have emerged and are presented in Section 3.3. Therefore, this 526 

section provides more details on each key aspect.  527 

5.1 Overral results 528 

The results section showed that the construction of the CMD ECO20 plant has a more 529 

significant potential impact on the environment than its operation. The gasifier is the component 530 

that provides a contribution in almost all categories, because of the large quantity of steel for 531 

its realization. The steel production process is linked to the use of fossil fuels in important 532 

quantities to feed and keep the furnaces at very high temperatures. The impacts analysed would 533 

be re-modulated if a different model of gasifier were chosen. This should be an optimized 534 

choice according to the syngas amount to power the ICE, on which depends the supply of 535 

electricity and heat to users. The same applies to the two heat exchangers, whose construction 536 

materials contribute to impact in different categories. On them also depends on the tap water 537 

taken from the network, whose production determines a significant impact, since the flow rate 538 

taken is very substantial. The categories of impact that the construction of the plant involves 539 

are basically the same emerged for its operation. A substantial difference between the two cases 540 

occurs in the metal depletion category, and this is understandably due to the metals used for the 541 

construction of the plant, including the gasifier with a steel structure with very high mass. 542 

Another category is the human toxicity, for which the absorber is still responsible. Therefore, 543 

any action should also be directed to that component. Other differences are the impact of the 544 
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terrestrial ecotoxicity category, that are recorded especially in the case of operation of the plant. 545 

This studies how environmental pollutants affect soil-dependent organisms and their 546 

environment, whose effects on the ecosystem and organisms must be carefully monitored to 547 

prevent damage. In fact, terrestrial organisms can be exposed to pollutants through skin, oral, 548 

inhalation and food chain exposure and it is therefore important to try to reduce emissions. For 549 

this category, the use of large quantities of water makes the most contribution with heavy metals 550 

to air. Overall, the impact categories most affected by the operation of the plant are more than 551 

one and they are all associated with the use of water. This is since the plant needs a large flow 552 

of water taken from the network, especially for the thermal side: about 600 kg/h are needed, 553 

that correspond to about 2 t of water at the end of the year of operation. The category of 554 

freshwater is the one that has the greatest impact identified by normalised midpoint data, 555 

according to which different plant choices could be assigned, resulting in remodulation of the 556 

other categories. In numerical terms, considering climate change as the reference category, the 557 

plant construction has an impact of about 6E+03 kg CO2 eq. while the operation gives a 558 

contribution of about 0.2E+03 kg CO2 eq. In general, the construction and operation of the plant 559 

contribute on average to 70% and 30% respectively.  560 

5.2 Significant issues for plant operation 561 

The plant operation has a much lower impact, compared to its construction. This result derives 562 

mainly from the absence of the process of pre-treatment of biomass and the use of electricity.  563 

Biomass is a processing waste that in the system has been considered already processed and 564 

ready for use. No information on previous life cycle phases is available. The biomass used in 565 

the system is a secondary certified raw material. In particular, the wood must be chipped by a 566 

chipping machine (which uses steel engines powered by electricity) and, subsequently, must be 567 

stored in special silos. Therefore, if the pre-treatment process were also considered in the LCA 568 

study, it would lead to impacts on climate change, metal depletion and land use. Land use would 569 

also be quite high because of the area required for the storage of wood chips and the upstream 570 

processes associated with the production of electricity.  571 

One of the advantages of the plant is the autonomy and energy self-sufficiency of the gasifier. 572 

It should be remembered that the ignition of the biomass in the gasifier is switched on in a few 573 

minutes through electrodes, thus the amount of electricity used is completely negligible. The 574 

absence of electricity supplying the plant means that the operation has a relatively low impact. 575 

Other elements that allow the operation to have an overall low impact are the ash, that is the 576 

inorganic residue that remains after the combustion of biomass in the gasification process. The 577 

ash is classified as hazardous waste. At present, ash is widely studied and used for applications 578 
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in the construction sector, in particular in the construction of eco-sustainable materials, in 579 

partial or total replacement of Portland cement. For this reason, in this study, the ash is 580 

considered as waste for recovery. In general, the composition of the ashes depends on different 581 

elements that constitute them. Calcium oxide, carbon monoxide, chlorine monoxide, sodium 582 

oxide are the most common compounds in ash. However, they are found in rather small 583 

quantities and therefore do not affect the impact categories, so much so that they never appear 584 

as an impacting element. However, if the ash is considered as waste for disposal, the potential 585 

impacts of ash disposal would include ecotoxicity, human toxicity, and eutrophication of 586 

freshwater.  This is due to the emissions into soil and water of metals such as chromium, copper, 587 

iron, lead and zinc, contained in the ash. The impacts would result also from the treatment of 588 

ash, as it cannot be disposed of in landfill without prior treatment. Finally, a consideration has 589 

also be made for lubricating oil. The fossil fuels depletion is the main impact category 590 

contributing to the use of lubricating oil. Its disposal has not been included in the study as it is 591 

replaced beyond the year of operation. However, if disposal is included, a potential impact on 592 

carcinogens and toxicity would be likely. Figure 12 shows the main results in graphic terms. 593 

 594 

5.3 Benchmarking to CO2 emission 595 

Climate change category represents the main reference of environmental impacts since climate 596 

change mitigation is one of the key factors for bioenergy development. The gasification of 597 

biomass produces syngas, which results in clean and efficient combustion with no particulate 598 

emissions, rather than burning them directly (Jithin et al., 2021). For the production of 599 

electricity, the LCA analysis returned an overall CO2 emission value equal to 20 g CO2 eq./MJel, 600 

generated at the cogeneration plant. This result derives from the environmental impact 601 

assessment of a small-scale pilot plant. There are many studies concerning the efficiency of the 602 

plants. However, the uncertainty of estimating CO2 emissions is high. In fact, the estimates of 603 

total emissions strongly depend on the emission factors used to evaluate the emissions (Zhang 604 

et al., 2013). An extensive review of 53 studies involving biopower LCA analyzes (including 605 

CHP) undertaken by NREL (2010) calculated lifecycle GWP values for biomass electricity 606 

generation ranging from 1.4 to 25 CO2 eq./MJel. To remain in the context of the Italian reality, 607 

Boschiero et al. (2016) calculated a contribution of emissions between 14.9 and 23.7 g CO2 608 

eq./MJel. The results calculated in this study are within the range of previous studies. Other 609 

more recent studies have been undertaken. Sornek et al. (2020) calculated an overall CO2 value 610 

of 0.11 g CO2 eq per 1 m3 of biomass entering the plant. Johar et al. (2020) calculated the 611 

emissions of a micro-cogeneration plant, whose emissions decrease as the size of the plant 612 
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increases. This suggests that the larger the plant size, the better the environmental performance 613 

if biomass is used as a fuel (Cambero et al., 2015). Finally, Chen et al. (2020) suggested that 614 

the CO2 emission amount to 23 g CO2 eq./MJel. Other literature case studies are shown in 615 

Supplementary Material (Table S25). The literature is also quite rich in studies on the impacts 616 

arising from fossil fuel cogeneration systems and provides the scientific community with 617 

always up-to-date results. For example, some studies with reference to the climate change show 618 

that diesel generators have values between 86 and 100 g CO2 eq./MJel (Bianchi et al., 2012; 619 

EIA) and that the natural gas generators have values about 70 g CO2 eq./MJel (Balcombe et al., 620 

2016; JRC, 2017; Aksyutin et al., 2018). The plant in question, however, has an overall impact 621 

(considering both construction and operation) equal to 20 g CO2 eq./MJel. CO2 emission values 622 

make it possible to affirm that the CMD ECO 20 plant is sustainable from an environmental 623 

point of view thanks to the obviously lower impacts compared to traditionally used fossil fuels. 624 

6. Conclusion 625 

The LCA study analysed a sub-scale biomass gasification plant, which fell into the reality of a 626 

city in southern Italy. It is a really working plant with the aim of feeding a municipal building. 627 

The aim of this paper was to assess the main environmental issues associated with a biomass 628 

gasification plant. The problems analysed include resource consumption, greenhouse gas 629 

emissions, land use, water consumption, eutrophication, biodiversity, and air quality. The 630 

calculated impacts are assessed and quantified to provide a rational basis for examining the 631 

feasibility and acceptability of individual bioenergy pathways. In this respect, informed choices 632 

need to be made regarding production and consumption, and this should be based on potential 633 

damage to human health, ecosystems, and available resources and not just on the economic 634 

issue. Life cycle assessment helps to provide criteria for making more informed choices about 635 

sustainable development. In carrying out this study, some key issues have been identified that 636 

could improve the environmental impacts of the plant. To reduce the environmental impacts 637 

resulting from the construction of the plant, it is conceivable to use several types of biomass. 638 

Or it is conceivable to use alternative materials with lower environmental impacts. In fact, one 639 

of the critical issues is the production of stainless steel of which the components are made. 640 

Therefore, these components offer greater potential for improvement. The disposal phase of the 641 

plant has not been included in this study as no end-of-life information is available. The analysis 642 

considered biomass as a material produced on site and ready for use in the plant. The 643 

composition of the biomass can influence several releases from the plant, including ash, tar and 644 

char, condensate, and various gaseous emissions. Contaminants such as metals can reduce the 645 

conversion efficiency of gasification by increasing the volume of waste such as ash. The 646 
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biomass used in this specific case study ensures optimal performance, as biomass is consistent 647 

with the operating parameters of the plant, to maximize conversion efficiency, which 648 

corresponds to 74% (CMD SpA). The results obtained from the analysis can be considered 649 

individually, as they analyse and discuss the potential environmental impacts of the specific 650 

installation chosen for the specific case study. The most significant advantage of the plant lies 651 

in the energy self-sufficiency of the plant. The minimization of start-up times and the lack of 652 

energy required at this stage, allow to reduce the impacts resulting from a possible use of 653 

electricity or natural gas in the Italian grid. Among future research it would be interesting to 654 

include all those processes to obtain biomass, such as cultivation, and to study the variation of 655 

the calculated impacts. In addition, the information submitted could be part of a broader analysis 656 

on the use of biomass. In this case it is essential to choose a clean biomass and consistent with 657 

the plant parameters, to ensure smooth operation, continuous and with high conversion 658 

efficiencies of gasification. Other future research is similar assessments that could also be 659 

undertaken for other raw materials and conversion technologies to build the complete 660 

framework for producing energy from biomass. Similar assessments could also be undertaken 661 

for other raw materials and conversion technologies to build the complete framework to 662 

produce energy from biomass. A comparative study could consider a natural gas installation as 663 

a comparison term between it and the ECO20 CMD installation. However, this would be a 664 

hypothetical plant, a purely theoretical model with poor data quality, and this would not allow 665 

for an inventory analysis suitable for the study. Therefore, it would be necessary to refer to the 666 

literature for the collection of most of the data, making the comparison pleonastic. This analysis 667 

demonstrates the benefits of using a wood waste product for energy production in this category 668 

and beyond. Overall, the analysis shows that small-scale gasification of biomass has good 669 

potential for use in industry. 670 
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