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Introduction
Organic material found in solid waste can be converted into 
bioenergy and bioproducts using one of two different techniques. 
One category of techniques is physicochemical, which also 
includes pyrolysis, gasification, and hydrothermal carbonization. 
The second category is biological, which includes anaerobic 
digestion, composting, fermentation, and transesterification [1,2]. 

The process of anaerobic digestion (AD) is a well-established 
method of converting biowaste, where microorganisms are 
employed to transform organic matter into biogas and bioproducts. 
When compared to alternative conversion techniques, anaerobic 
digestion is an economical approach [3]. The process of anaerobic 
digestion (AD) involves the natural breakdown of waste into simpler 
substances by strong and mixed microbiomes in the absence of 

oxygen. Synergistic interaction among a group of microorganisms 
allows them to break down resistant lignocellulosic biomass into 
their core structures. When lignocellulosic biowaste is processed 
using this method, organic matter, and fuel biogas are typically 
produced [4]. 

Biowaste is a term used to refer to a range of waste materials 
that include Municipal Solid Waste (MSW), household waste, 
sewage, food, forest, and other agricultural residues. Implementing 
a circular economy by recovering resources from these wastes is 
important for meeting environmental and economic needs [5].

Numerous studies have been reported in the literature regarding 
the use of biowastes for energy production since they contain 
organic matter that can be effectively converted to energy. Among 
these studies, Morale-Polo et al. successfully generated energy 
from fresh produce wastes, while Charis et al.  and Ferrase et al. 
showed that biomass can be transformed into biochar, which can 
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ABSTRACT
In Estonia, where biowaste comprises a significant portion of municipal waste, efficient waste management strategies are essential. Co-digestion 
presents a promising avenue to enhance biogas yield and reduce greenhouse gas emissions.

This study explores the potential of co-digesting sewage sludge and biowaste for biogas production, emphasizing carbon credit calculation and 
offset project development. Sewage sludge was effectively utilized as a co-feedstock for the co-digestion process, contributing to increased biogas 
production. In Narva City, 20,401.08037 m3/year of biogas was produced in 2012, facilitating the generation of electricity from renewable sources and 
thus reducing GHG emissions, which facilitates the calculation of carbon credits. We developed a robust carbon offset project based on the biogas 
volume, meeting additionality criteria and demonstrating long-term benefits. The revenue potential from carbon credits ranged from 118 EUR to 
41300 EUR, depending on market prices and project attributes.

Moreover, the offset project and calculated carbon credits offer tangible benefits to sustainable waste management and the implementation of the circular 
economy. By valorizing sewage sludge and biowaste through anaerobic digestion, the project contributes to waste diversion from landfills, reduces 
methane emissions, and promotes renewable energy generation. This integrated approach aligns with principles of sustainable waste management 
and supports the transition towards a circular economy model. Our findings provide valuable insights for policymakers and stakeholders interested 
in leveraging anaerobic digestion for renewable energy production and carbon mitigation.
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be utilized as a precursor for bioenergy production [6-8].

In their study, Acosta et al. utilized anaerobic digestion to convert 
cocoa residues into biogas and methane, employing both wet 
and dry AD processes which vary in their total solid material 
content. Due to the stable reactive conditions and higher biogas 
and methane yields, the dry AD process was found to be the 
preferable option for energy production from cocoa residues [9].

In Kenya, research has been conducted to explore the potential 
of maize, barley, cotton, tea, and sugarcane as biowastes for the 
production of biogas. The results indicate that these biowastes can 
produce a maximum of 1313 million cubic meters of methane, 
which can generate 3916 GWh of electricity and 5887 GWh of 
thermal energy. The annual power production in Kenya, which 
is equivalent to 73%, can be achieved by utilizing the combined 
electrical potential of these biowastes [10]. Livestock manure 
has been identified as a viable alternative to fossil fuels for 
biogas generation in Iran, based on the number of cows, manure 
generation, and volume of biogas produced. Both experimental and 
theoretical studies have shown that biogas from livestock manure 
can replace approximately 3% of natural gas consumption in each 
province of Iran. These findings suggest that utilizing livestock 
manure for biogas production can be a promising solution to 
reduce reliance on fossil fuels in the country [11].

According to a review of the potential of human excreta as 
biowaste for biogas production in Indonesia, it has been confirmed 
that this waste has the capacity to generate 106.85 m3 of biogas 
per day, which is equivalent to 652.91 kWh/day. Given the large 
population and unequal deployment of electricity supply in the 
country, the production of biogas from human excreta is deemed 
essential. These findings suggest that biogas generation from 
human excreta has the potential to make a significant contribution 
to meeting the energy demands of Indonesia [12].

Studies have shown that among various renewable energy 
sources, biogas-plant and biomass briquetting technologies are 
more valuable. These technologies have been proven effective 
in countries like Bangladesh, where they have generated an 
outstanding three billion cubic meters of biogas from cattle and 
poultry populations of 24 million and 75 million, respectively 
[13, 14].

In Estonia, biowaste constituted a quarter (122,000 tonnes) of 
municipal waste generated in 2019. Less than half of the total 
biowaste generated (51,000 tonnes) was collected through 
source-separated collections, while the remaining fraction was 
collected as mixed municipal waste. It was estimated that nearly 
one-third of the mixed municipal waste collections consisted 
of food waste. However, only a fraction of separately collected 
biowaste, representing less than a third (13,858 tonnes) of the 
separate collections, underwent recycling into certified compost 
or biogas. Unfortunately, the utilization of biowaste for biogas 
production remains minimal in Estonia. Currently, Estonia has 
at least five operational anaerobic digestion (AD) facilities, with 
four of them exclusively accepting agricultural waste such as 
slurry, manure, and silage residues. An estimation suggests that 
by substituting 10% of the input to these five AD plants with the 
food waste fraction obtained from municipal waste (similar to 
practices in Nordic countries), the capacity required for treating 
the separately collected biowaste fraction could be met. This 
approach not only has the potential to significantly increase biogas 
production but also generate additional income through energy 

revenues. Moreover, the increased production of biogas contributes 
to the reduction of greenhouse gas emissions by replacing certain 
fossil fuels [15].

Biowaste is an attractive feedstock for anaerobic digestion since 
it contains carbohydrates, proteins, and lipids that can be easily 
converted into biogas under anaerobic conditions [16]. However, 
the process may be hindered by nutrient imbalances, accumulation 
of volatile fatty acids (VFAs), and inhibition by high levels of 
ammonia or salt content when only biowaste is used as feedstock 
[17]. Co-digesting biowaste with sewage sludge (SS) has been 
found to have a synergistic effect, resulting in increased organic 
loading rate (OLR), biogas production, and system stability. 
This is because the combination of the two substrates overcomes 
nutrient imbalances, utilizes the diverse bacterial population in 
each substrate, and dilutes potential inhibitory compounds [18-23].

The anaerobic co-digestion (AcoD) process is a modification 
of the AD process where substrates and co-substrates are 
digested simultaneously, with the primary goal of enhancing 
biogas production. AcoD has several benefits, such as reducing 
greenhouse gas emissions and processing costs, improving process 
stabilization and nutrient balance, and leveraging the synergistic 
effects of microorganisms [24]. Researchers have conducted a few 
studies exploring the anaerobic co-digestion of specific organic 
wastes as co-substrates to optimize biogas production.

In their study, Tallou et al. explored the potential of anaerobic co-
digestion (AcoD) using a combination of domestic wastewater, 
cow dung, and olive mill wastewater as substrates. They found 
that the AcoD process resulted in a higher biogas yield compared 
to the single substrate anaerobic digestion process. The maximum 
biogas yield of 476 mL g-1 was achieved using the AcoD process. 
Additionally, SEM and FTIR analysis of solid digestate revealed 
that the structures of the co-substrates disintegrated during the 
digestion process [25].

In their research, Iweka et al. explored the potential of anaerobic 
co-digestion (AcoD) of cow dung digestate and corn chaff to 
maximize biogas production. They utilized Response Surface 
Methodology (RSM) to optimize the process and found that a 
retention time of 37 days and a mixing ratio of 0.65 resulted in 
a biogas yield of 6.19 L, which was very close to the predicted 
yield of 6.24 L [26].

A study by Ivanchenko et al. focused on the anaerobic co-
digestion of agro-industrial waste, specifically sewage sludge and 
vegetable waste, with cheese whey to assess the effect on biogas 
production. The results showed that the co-digestion process led 
to a 41% increase in biogas production. Moreover, the process of 
combining agro-industrial waste with cheese whey was simple 
and inexpensive and produced liquid organic mineral fertilizer 
that could be used for both root and foliar feeding of plants [27].

The impact of solid concentration on the generation of biogas 
from rapeseed oil cake via anaerobic digestion was investigated 
by Deepanraj et al [28]. According to their findings, the highest 
production of biogas was approximately 4000 mL when the 
solid concentration was increased to 20% [28]. According to 
Mudzanani et al.'s study on anaerobic co-digestion, sewage sludge 
has considerable potential for methane production during biogas 
generation, with a quantified value of 28.6 g CH4/kg feed. Using 
thick co-substrates in comparison to mono digestion of sewage 
sludge increased biomethane yield by 3-6 times. Although high 
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solid content co-substrates generated more methane, they also 
raised the risk of organic overloading. At a 25% co-digestion ratio, 
co-substrates such as molasses, food waste, animal manure, and 
fresh produce waste were successful [29].

Anaerobic digestion waste treatment offers numerous benefits 
beyond waste management. One such advantage is the ability 
to introduce alternative energy sources, which helps promote 
environmental sustainability by reducing the need for fossil fuels 
and instead using biogas for energy generation [30,31]. Over the 
past few years, there has been a growing focus on renewable energy 
resources, and biogas technology has emerged as a promising 
solution for energy needs while also addressing environmental 
concerns [32]. Further advantages of anaerobic digestion for the 
environment include decreased greenhouse gas emissions, better 
air quality, better disease prevention, less sludge generation, and 
reduced odors [33].

Addressing the challenge of greenhouse gas (GHG) reduction, 
particularly in relation to carbon dioxide (CO2) emissions, has 
emerged as a critical global concern in the pursuit of a sustainable 
future [34]. Reducing greenhouse gas (GHG) emissions is widely 
recognized as necessary to alleviate the consequences of global 
climate change. Consequently, efforts have been concentrated 
on establishing emission targets and crafting policies to facilitate 
their attainment. The design and implementation of GHG policies 
present distinctive and formidable challenges that are well 
acknowledged. Among these challenges, addressing the concerns 
of high compliance costs and equitable distribution is crucial. 
In response, almost all GHG policies, regardless of their scale 
(regional, national, or international), incorporate the inclusion of 
offsets as a means to achieve emission reductions [35]. The notion 
of offsets originated within the flexible mechanisms of the Kyoto 
Protocol, which enable developed nations to fulfill their emission 
reduction targets through the purchase of emission reductions 
linked to projects in developing countries (the Clean Development 
Mechanism, CDM) or transitioning economies in eastern Europe 
(Joint Implementation) [36]. These mechanisms, along with carbon 
trading, offer an alternative to costly or politically challenging 
domestic emission reductions and are known as a regulated 
or compliance carbon market. Additionally, a separate market 
for voluntary carbon offsets (VCOs) has emerged outside the 
regulated CDM. Companies and individuals seeking to offset their 
emissions have the opportunity to directly offset their greenhouse 
gas emissions through the voluntary offset market. This market 
has evolved separately from the international Kyoto Protocol, 
allowing anyone—NGOs, businesses, individuals—to generate 
and utilize voluntary offsets according to their own preferences. 
Currently, there are no widely adopted international standards or 
regulations governing this market [37].

According to Kollmuss et al. (2008), carbon offsetting is a 
mechanism that involves one party paying someone else to 
reduce GHG emissions elsewhere, thereby compensating for 
their own emissions. Carbon offset projects result in a reduction 
in GHG emissions or an enhancement of carbon sequestration 
that would not have occurred otherwise, by altering natural 
resource management or industrial processes. The carbon offset 
is the difference between the emissions generated by the verified 
carbon offset activity and what would have been emitted without 
it. Standardized procedures are used to verify carbon offsets to 
make them marketable in voluntary or compliance markets [38]. 
However, carbon offsetting can provide a supplementary source 
of revenue for new technologies or practices. Carbon credits are 
generated through the implementation of carbon offset projects, 

which involve the reduction of CO2 emissions and the promotion 
of CO2 absorption [39]. Such projects include initiatives related 
to renewable energy, energy efficiency, and reforestation. While 
carbon credits themselves do not directly reduce global CO2 
emissions, they serve as significant incentives for GHG reduction 
projects. Many companies have also adopted the practice of selling 
products accompanied by carbon credits that offset the GHG 
emissions resulting from the use or disposal of those products. This 
utilization of credits helps neutralize the environmental impact of 
GHG emissions [40]. Carbon credits are generated by the amount 
of enhanced carbon sequestration or avoided loss. In general, one 
carbon credit is equivalent to the reduction or removal of one 
tonne of CO2 [39]. Several products in the market incorporate 
carbon credits, including automobiles, disposable diapers, 
and toys. One notable example is Lufthansa, which initiated a 
program in September 2007, allowing its customers to voluntarily 
contribute carbon credits to offset the CO2 emissions resulting 
from the average fuel consumption per passenger. Through this 
initiative, Lufthansa offers its customers the opportunity to actively 
participate in mitigating their carbon footprint [40].

The initial official registration of a Clean Development Mechanism 
(CDM) project occurred in 2004. However, as early as 1989, a 
voluntary carbon-offset project took place when a US electricity 
facility made a voluntary investment in an agro-forestry project 
located in Guatemala [41]. During its early stages, the voluntary 
carbon market witnessed significant demand primarily from 
public institutions, particularly the World Bank [42]. However, 
it is highly probable that future demand will be predominantly 
driven by private companies, as an increasing number of them 
have made ambitious commitments towards achieving net zero 
or carbon neutrality. Following six consecutive years of decline, 
the voluntary carbon market experienced a rise in both market 
value and volume in 2018 and 2019. In 2019 alone, a total of 104 
MtCO2e worth of voluntary credits were traded, contributing to 
an overall market value of US$320 million [43]. By the end of 
2022, it is projected that the voluntary carbon market (VCM) 
will have facilitated investment flows exceeding $1.2 billion, 
contributing to the mitigation of approximately 161 megatonnes 
(Mt) of carbon emissions [44]. The potential market size in 2030 
varies depending on different price scenarios and their underlying 
factors. At the lower end of the spectrum, it could range from $5 
billion to $30 billion, while at the higher end, it could surpass 
$50 billion. These ranges assume a demand of 1 to 2 gigatonnes 
of carbon dioxide (GtCO2) [45].

Within the framework of promoting anaerobic digestion as a 
sustainable waste management solution and leveraging its potential 
for greenhouse gas reduction through carbon offset initiatives, 
this study focuses on evaluating the biogas production potential 
from the co-digestion of sewage sludge and biowaste in Narva, 
Estonia, over the course of a year. According to the 2021 statistics, 
Narva, the third largest municipality in Estonia, has a population 
of 53,955. Waste generation in the region depends on factors 
like population, economic development, company structure, and 
product volume. The central waste treatment facility, known as the 
Narva Waste Management Center, is located at Rahu tn 3B in the 
western part of the city. It encompasses a collection and processing 
area for household waste, along with sorting equipment. In 2012, 
Narva generated a total of over 849,000 tons of waste. Out of 
this, approximately 13,590 tons consisted of mixed household 
waste, while around 5,530 tons were biowaste [46]. According 
to the Tallinn Center of the Stockholm Environmental Institute 
(SEIT), the composition of mixed household waste, including the 
proportion of biowaste, remained relatively consistent between 
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2012 and 2020 [47]. The wastewater treatment process in Narva 
also yields significant quantities of sewage sludge, which is 
classified as biodegradable waste. Both manufacturing companies 
and households contribute to wastewater generation. Managed by 
AS Narva Vesi, the city's sewage treatment plant produced 1825 
tons of domestic water treatment sludge and 625 tons of industrial 
wastewater biotreatment sludge in 2012 [46]. The total amount 
of sewage sludge generated that year reached 2450 tons, and this 
proportion has remained steady, according to the 2020 survey [47].

To mitigate the environmental impact of landfill disposal, 
this study proposes an anaerobic co-digestion process as an 
environmentally sustainable solution. The co-digestion of sewage 
sludge and biowaste is anticipated to enhance biogas production 
through synergistic interactions between the substrates. The biogas 
generated from this process will be upgraded to biomethane, which 
can be utilized for electricity generation, substituting electricity 
produced from fossil fuels. This substitution is significant as it 
results in reduced or avoided greenhouse gas (GHG) emissions, 
thereby facilitating the development of a carbon offset project. 
The study's objective is to quantify the electricity substitution 
potential and assess the success of the biogas offset project by 
evaluating the revenue generated from carbon credits associated 
with the avoided emissions.

The significance of this research lies in its potential to enhance 
waste management practices in Estonia by demonstrating the 
feasibility and efficiency of biogas production through the co-
digestion of sewage sludge and biowaste. This study not only 
aims to optimize biogas yield but also focuses on the broader 
implications for sustainable energy generation. By replacing 
electricity derived from fossil fuels with biogas-generated 
electricity, the research directly contributes to reducing greenhouse 
gas emissions. Furthermore, the project explores the economic 
viability of this approach by quantifying the potential revenues 
from carbon credits, thus integrating environmental sustainability 
with economic incentives. These findings will offer valuable 
insights into the development of carbon offset projects and support 
the adoption of renewable energy technologies in Estonia and 
beyond.

Materials and Methods
The goal of this study is to quantify the amount of biogas 
production from the co-digestion process of sewage sludge and 
biowaste as a mixture. The reference flow of the study is the 
sum of the amount of sewage sludge and biowaste produced in 
Narva city in a year. For this study, data from the Tallinn Center 
of the Stockholm Environmental Institute (SEIT) survey on the 
composition and quantities of different types of waste (2020) in 
Narva city has been considered [47]. A mixture of 2450 tons of 
sewage sludge and 5530 tons of biowaste that were produced in 
Narva city in the year 2012 has been considered as the reference 
flow. The reference flow is the representation of the reference to 
which all the inputs and outputs of the co-digestion process are 
adjusted. To ensure the quality and consistency of information 
in line with the study's goal, the scope of the investigation was 
meticulously defined following the guidelines of ISO 14040 [48]. 
It was essential to provide detailed specifications to maintain 
the accuracy and relevance of the study's aim [49]. The scope of 
the study included biogas production from a feedstock that is a 
combination of sewage sludge and biowaste.

As per ISO 14040, the functional unit serves to quantify the 
identified functions or performance characteristics of a product, 
providing a quantitative description of the service performance 

and fulfilling the needs of the product system under investigation 
[48, 50]. Its primary objective is to establish a reference point that 
enables the association of inputs and outputs [49]. All material and 
energy flows, whether entering or leaving the system, are linked 
to this functional unit. The function of the life cycle inventory 
is the production of biogas from the co-digestion process. From 
the inventory table, the amount of biogas produced from the 
co-digestion process is calculated which is the functional unit 
of the study.

The focus of the life cycle inventory was on collecting relevant 
data and performing calculations to quantify the inputs and outputs 
associated with a specific product system. A comprehensive 
inventory is systematically compiled, encompassing all material 
and energy flows and emissions associated with the product or 
object under investigation. The outcome of the inventory analysis 
yields a comprehensive list of emissions, material inputs, and 
energy inputs for the product being studied [49]. In the context of 
this study, the life cycle inventory (LCI) phase involved collecting 
and quantifying the pertinent inputs and outputs related to the co-
digestion of sewage sludge and biowaste. Inventory data for the 
co-digestion process is shown in Table 1. The co-digestion process 
is modeled in OpenLCA software with the use of the Ecoinvent 38 
database. The database is robust and provided all the information 
needed to develop the inventory table. All the inputs and outputs 
have been calculated based on the reference flow of the study.

Table 1: Life Cycle Inventory Table
Name of process/
material

Amount of 
material

Unit Source

Inputs
anaerobic digestion 
plant, for biowaste

9.24E-03 item(s) Ecoinvent

anaerobic digestion 
plant, for sewage sludge

1.40E-03 item(s) Ecoinvent

Biowaste 5530000 Kg SEIT survey 
on the 
composition 
and quantities 
of waste 
(2020) [47]

sewage sludge 2311.3208 m3 SEIT survey 
on the 
composition 
and quantities 
of waste 
(2020) [47]

digester sludge -3428600 Kg Ecoinvent
electricity, low voltage 19388.544 kWh Ecoinvent
heat, district or 
industrial, natural gas

135978.146 MJ Ecoinvent

heat, central or small 
scale, other than natural 
gas

1336048 MJ Ecoinvent

machine operation, 
diesel

1935.5 H Ecoinvent

chemical, inorganic 198.265098 Kg Ecoinvent
tap water 1244250 Kg Ecoinvent
Outputs
carbon dioxide, non-
fossil

1165129.096 Kg Ecoinvent
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dinitrogen monoxide 182.49 Kg Ecoinvent
hydrogen sulfide 495.488 Kg Ecoinvent
Methane, non-fossil 20401.08037 m3 Ecoinvent
Nitrate 16.4241 Kg Ecoinvent
Nitrite 0.513184 Kg Ecoinvent
nitrogen, organic bound 0.60277 Kg Ecoinvent
Phosphorus 0.389312 Kg Ecoinvent
wastewater, average 1216.6 m3 Ecoinvent

Assumptions
The main assumptions of the life cycle assessment are the 
followings:
•	 A thorough investigation has been conducted to find out 

the data on the inputs and outputs for each of the processes 
associated with anaerobic digestion, i.e., hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis. No previous 
research was found that provided data on the inputs and 
outputs in each step of the digestion process. The whole co-
digestion process is conducted in one bioreactor. Therefore, 
data on the energy and other resource inputs are gathered 
for the whole process instead of each stage of the processes, 
such as hydrolysis, acidogenesis, acetogenesis, etc. For 
simplification, in this study, all the inputs and outputs have 
been calculated for the whole co-digestion process.

•	 The main output of the co-digestion process is biogas 
production. The biogas consists of about 60% of methane and 
40% of carbon dioxide. In this study, it is assumed and applied 
that the biogas will be cleaned and upgraded to produce a 
final product called biomethane which is composed of CH4 
(95–99%) and CO2 (1–5%). However, before its application, 
biogas cleaning is often regarded as the initial stage, which 
is an energy-intensive process.

•	 The inorganic contaminant was removed from the biowaste 
using a screw press. As the screw press required no water 
addition during treatment, it was chosen over wet separation 
in the co-digestion situation. Comparatively, wet density 
separation necessitates a water addition of 0.6 m3 per tonne 
of entering biowaste, adding stress to the already overtaxed 
freshwater supply [51].

•	 The energy demands of sludge digestion, thickening and 
dewatering, drying, and general space heating were not 
considered in this study as it is assumed that all these processes 
will be completed by the Narva Vesi and the sludge will be 
ready for the co-digestion process.

Carbon Offset Project Development
Offsets generate controversy in both compliance and voluntary 
market contexts. While offsets offer a reduction in GHG emissions, 
there are individuals who fundamentally oppose the concept of 
paying others to reduce emissions instead of taking direct action 
themselves [35]. The credibility of offset markets is undermined by 
a widespread lack of trust regarding the authenticity of greenhouse 
gas reductions achieved through offset projects. This lingering 
skepticism raises doubts about the legitimacy of offsets and their 
effectiveness in addressing climate change concerns [52].

The fundamental concept underlying carbon offsets’ integrity 
and credibility is the establishment of "baseline-and-credit" 
trading systems, where carbon credits are generated to represent 
the additional emissions reductions beyond the baseline level. 
These systems direct investments towards emission-reduction 
projects that would not have occurred otherwise [53]. The key 

principle here is "additionality," which distinguishes the emissions 
reductions achieved through offset projects from the projected 
emissions in a "business-as-usual" scenario without such projects 
being implemented [54]. Various methods can be employed to 
establish additionality, including demonstrating that a project 
would lack profitability or sufficient financing without the revenue 
generated from the sale of carbon credits. Another approach is to 
highlight cases where a specific technology would not have been 
adopted if not for the availability of carbon credits. This evidence 
helps substantiate the notion of additionality and confirms that the 
emission reductions achieved through carbon offsets go beyond 
what would have naturally occurred [55].

The author of this study is intended to develop a carbon offset 
project by comparing the GHG emissions from the background 
system for electricity production for the Estonian mix with the 
emissions produced from the use of biogas which is mainly 
methane as an energy source. The author assessed whether the 
difference in greenhouse gas emission can guarantee a profitable 
carbon offset project for the biogas produced from the co-digestion 
of sewage sludge and biowaste. Therefore, to qualify for the 
additionality criteria, there must be a clearly defined "project" in 
order to create biogas carbon offsets because calculating carbon 
offsets necessitates comparing GHG emissions from a ‘business-
as-usual’ scenario with emissions from a project scenario [56]. 
In other words, simply utilizing biogas produced from the co-
digestion process of sewage sludge and biowaste would not qualify 
to develop carbon credits as in that case the net differential in 
GHG emission would not be possible to measure. It would be 
unclear whether the electricity produced from biogas has replaced 
the use of fossil fuels in electricity production or is just simply 
used as an additional source for energy production. To solve this 
issue, a hypothetical project has been developed and the GHG 
emission differential has been used to calculate the potential 
number of carbon credits and evaluate if that can be a viable 
venture for authorities to collaborate for biogas production from 
the co-digestion of sewage sludge and biowaste.

The hypothetical project has been defined as follows,

The Narva Waste Recycling Center is responsible for the recycling 
of waste generated by the population and different industrial 
activities. The recycling center uses electricity for different 
operations of the recycling process and to operate different types of 
machinery. The source of the electricity is the electricity produced 
from the gas and electric turbine. The hypothetical project aims 
to replace the use of electricity from the conventional source 
with electricity produced from biogas, i.e., methane from the co-
digestion process. In that way, the net differential in GHG emission 
can be calculated which will lead to carbon credit calculation.

The hypothetical project developed by the author qualifies for 
additionality since the Narva waste recycling center was not 
considering using electricity from renewable sources such as 
biogas produced from the co-digestion of sewage sludge and 
biowaste. Besides, there will be additional profitability from the 
sale of carbon credits which will make the biogas production 
from the co-digestion process more profitable and may obtain 
financing from different sources. In terms of carbon offsets, 
the biogas project successfully adheres to the criteria of being 
cost-effective, verifiable, quantifiable, and possessing long-term 
benefits in relation to additionality. By fulfilling these standards, 
the facility is able to provide offsets that are considered legitimate 
and valuable in mitigating carbon emissions. A number of biogas 
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offset projects are active both in the compliance and voluntary 
carbon market which also strengthens the credibility of the 
developed biogas project. For example, in 2020 the Gold standard 
issued 151 million carbon credits from over 900 projects and 
among those, 166 biogas carbon offset projects were generating 
17.3 million carbon credits [57].

One example of such a biogas carbon offset project is the Lethbridge 
Biogas facility located in Canada. During the developmental 
phase, the innovative Lethbridge biogas facility faced challenges 
due to the absence of a well-defined regulatory framework, despite 
its ability to satisfy the criteria of true additionality. This facility 
functions as a biogas cogeneration plant, utilizing agricultural, 
food, and food processing waste as raw materials to produce 
biogas, predominantly composed of methane. The biogas is then 
combusted in two combined heat and power units, generating 
electricity that is subsequently supplied to the Alberta grid. 
Moreover, the facility effectively utilizes the captured heat to 
maintain continuous optimal operating temperatures for the 
biogas processes. However, the lack of regulatory clarity during 
development posed difficulties for this ground-breaking project 
[58].

Results and Discussions
Carbon Credits Calculation
Measuring reductions in carbon dioxide or other relevant 
greenhouse gases is expressed in tonnes of carbon dioxide 
equivalent (tCO2e), with the aim of comparing a baseline scenario 
to a "project" scenario. This distinction enables the calculation 
of emissions reductions resulting from the project. Each tonne 
of reduced emissions corresponds to a carbon credit that can be 
claimed. This calculation is crucial for offset projects to market 
the carbon reductions achieved through their activities, selling 
them as carbon credits [42].

The methodologies involved in comprehending carbon reductions 
through baseline calculations are highly intricate. Determining the 
precise amounts of carbon sequestration in forests is challenging 
due to factors like weather variations and monitoring issues 
[59]. Estimating carbon savings in projects involving numerous 
small actions, such as distributing improved stoves or efficient 
light bulbs, is also problematic. This is due to variations in the 
successful adoption of these measures across households and 
difficulties in monitoring the resulting carbon reductions [54].

The generation of carbon credits occurs within particular market 
mechanisms that have defined regulations regarding acceptable 
methods of credit generation and the calculation of credits [60]. 
Strict verification is necessary for Clean Development Mechanism 
(CDM) projects, which entails the submission of ample verification 
data and measurements as evidence of project legitimacy [61]. For 
example, to calculate the carbon credits for forest projects CDM has 
defined protocol and methodology such as ton-year, equivalence-
adjusted average carbon storage, temporary crediting, etc [62]. 
Voluntary offset organizations operate differently from offset 
organizations operating within the strict regulations established 
by the CDM. In the case of voluntary offset organizations, they 
have the flexibility to employ various approaches and governance 
practices to acquire projects and quantify carbon credits. Referred 
to as a ’parallel market’, voluntary offset projects are generally 
smaller in scale and place a stronger emphasis on sustainable 
development, often encompassing social or community-related 
advantages. Additionally, these projects are typically situated 
in countries that are not actively participating in the CDM [37].

The author of this study developed a hypothetical biogas offset 
project intended to be launched in the voluntary carbon market 
(VCM). Therefore, it is important to quantify the emission 
reduction generated by the project. Among the wide range of 
approaches and governance practices available in the VCM, the 
author adopted the methodology used in the calculation of carbon 
credit by Bhandari et al. (2021) where they assessed whether 
the greenhouse gas (GHG) emission differential might warrant 
carbon credit creation for cultured protein projects compared to 
a business-as-usual scenario of traditional milk protein [56]. The 
calculation includes multiplying the amount of GHG emission 
reduction in a tonne of CO2-Eq, that is the carbon credit, by the 
price for each carbon credit. The following steps can be adopted 
to calculate the carbon credit number and value for the biogas 
project under this study.

Step 1: The Amount of Avoided Conventional Electricity
From Table 1, it can be seen that one of the major outputs of the 
co-digestion process of sewage sludge and biowaste in Narva City 
is biogas production, which is predominantly methane, and it is 
20401.08037 m3/year. According to Suhartini et al. (2019), 1 m3 
of methane produced from the anaerobic digestion of biowaste 
can yield 10 kWh of electricity [63]. Therefore, the methane 
produced from the co-digestion process can yield 204010.8037 
kWh of electricity per year.

In the year 2022, the hypothetical project facility, Narva Waste 
Recycling Center, used a total of 92612.375 kWh of electricity 
for different operations. The data have been obtained by speaking 
with the representatives from the Narva Waste Recycling Center. 
According to the hypothetical project, this amount of electricity 
is replaced by the electricity produced from the biogas of the co-
digestion process. From the amounts, it can be seen that 100% 
of the electricity needed by the Narva Waste Recycling Center 
can be replaced with the electricity produced from the methane 
of the co-digestion process and it accounts for 92612.375 kWh of 
electricity per year. For the study project, the author of this paper 
has assumed that the Narva Waste Recycling Center might do a 
pilot project replacing 100% of the total electricity needed with 
electricity produced from biogas, representing 92612.375 kWh 
of electricity replacement.

Step 2: Difference in GHG Emission Between Baseline and 
Project Scenario
In this study, the baseline scenario is the use of conventional 
electricity at the Narva Waste Recycling Center while the project 
scenario is the electricity produced from methane generated from 
the co-digestion process. Therefore, the reduction in emission of 
the biogas project is the difference in the value of greenhouse gas 
emission between the baseline scenario and the project scenario. 
According to the Estonian emission factors, the GHG emission 
for renewable electricity using biomethane as fuel is 0.0001 kg 
of CO2eq/kWh, and for conventional electricity, it is 0.637 kg of 
CO2eq/kWh. The GHG emission differential is therefore 0.6369 
kg of CO2eq/kWh.

Step 3: Carbon Credit Price
There is a variety of selling prices for carbon credits in the 
compliance carbon market of Europe, ranging from an average 
of EUR 32.25 per tonne of CO2 equivalent in Estonia as reported 
by OECD and 70-80 EUR per tonne of CO2 equivalent as reported 
by European Union Allowances [64, 65]. In contrast, the prices of 
voluntary offset credits exhibit significant variations influenced 
by factors such as the standard employed, project types, project 
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locations, offset quality, delivery guarantees, and contract terms [66]. Notably, offset prices are approximately 20% higher when 
projects are situated in developing or least-developed countries. Additionally, forestry-based offsets tend to be sold at lower prices, 
with this trend being particularly pronounced in projects located in developing or least-developed nations [35]. According to Hamrick 
& Gallant (2017), the lowest price for a carbon credit in the voluntary market can be 2 EUR per credit and the highest can be as high 
as possible depending on the quality of the project [67]. Thus, the author chose to analyze the study scenario for selling prices at 2 
EUR, 32 EUR, 80 euros, 500 EUR, and 700 EUR per credit.

Step 4: Carbon Credit and Value Calculation
A carbon credit is the reduction of GHG emissions in tonnes of CO2-Eq. Thus, by multiplying the amount of electricity replaced from 
step 1 with the GHG emission differential in step 2, the author calculated the total amount of emission reduction in Kg of CO2-Eq. To 
convert the Kg of CO2-Eq into tonnes of CO2-Eq, the product of the multiplication was divided by 1000 kg since 1 tonne corresponds 
to 1000 Kg. Therefore, the total carbon credit for the biogas project was calculated. The following equation can be used to calculate 
the number of credits the project could generate:

Electricity Replaced (kWh of electricity) * Differential (kg of CO2e/kWh) * 1 tonne/1000 kg = Credits
= 92612.375 kWh * 0.6369 kg of CO2eq/kWh * 1 tonne/1000 kg = 59 carbon credits

Using Price values of 2 EUR, 32 EUR, 80 EUR, 500 EUR, and 700 EUR per credit, it is possible to calculate the range of values 
for those credits:

Price * Credits = Value

Table 2: Carbon Credit Value for Different Prices
Credit value

Credits generated at 2 EUR/Credit at 32 EUR/Credit at 80 EUR/Credit at 500 EUR/Credit at 700 EUR/Credit
59 118 1888 4720 29500 41300

The hypothetical biogas project generated 59 carbon credits which are valued between 118 EUR to 41300 EUR (Table 2). The results 
range depending on the credit sale price used. A higher number of credits could be generated if the hypothetical project aimed to 
use the full amount of electricity produced from the biogas. Table 3 presents data from four different studies, showcasing a diverse 
range of estimated or reported emission reductions achieved through the utilization of biogas, primarily for electricity generation. 
The values presented in the table represent the estimated reductions in CO2 emissions equivalents from biogas power plants. It is 
important to note that emission credits per tonne of input material are likely to differ depending on the type of feed used. Biogas 
plants that solely utilize manure as input material tend to produce a significantly smaller amount of biogas per unit input compared 
to plants that incorporate a mixture of organic wastes along with manure [68].

Table 3: Data for Carbon Credits from four Different Studies
Reference Feedstock Location Credits generated
West 2004 [69] mixed feed Canada 150
Munster & Juul Kristensen, 2005 [70] mixed feed Denmark 118
Row and Neable, 2005 [71] manure Canada 104
Ghafoori et al., 2006 [72] manure Canada 55

In the context of the hypothetical project of this study, it appears 
that the co-digestion of sewage sludge and biowaste project might 
generate significant and additional revenue for the associated 
authorities. Sources indicate that buyers have a preference for 
acquiring credits that demonstrate supplementary advantages 
beyond the mere reduction of emissions. Moreover, they are 
occasionally inclined to pay an extra amount if the verification of 
these co-benefits is possible [73]. The emergence of co-benefits as a 
crucial selling point for offset projects is becoming more prominent 
within voluntary offset markets [74, 75]. The demand for voluntary 
carbon offsets is driven by the narrative they hold, connecting them 
to local co-benefits [76]. The greater number of local sustainability 
benefits a voluntary offset project can demonstrate, the more likely 
it is to command a higher price in the markets [77]. The co-digestion 
of sewage sludge and biowaste project would likely be able to 
report on some other positive outcomes - the utilization of biogas 
for power generation offers significant environmental advantages. 
By generating electricity from anaerobic digestion (AD) plants, 
it becomes possible to substitute the conventional grid mix and 

eliminate the need for consuming fossil fuels. Consequently, 
the harmful pollution emissions associated with extracting and 
utilizing these fossil fuels are also avoided. The efficiency of a 
biogas facility is evident through its ability to generate a high-
quality fertilizer, which enhances agricultural productivity while 
minimizing groundwater contamination. Additionally, biogas 
facilities demonstrate low emissions intensity, further contributing 
to their environmental benefits [58]. Therefore, the biogas project 
developed in this study possibly can qualify for higher prices than 
the average prices per carbon credit.

Limitations and Future Scope for Carbon Credits
The production of carbon credits does not guarantee the generation 
of revenue. It is not certain that the credits available on the market 
will be sold, as evidenced by the fact that in 2016, voluntary 
carbon offset organizations produced more offsets than they were 
able to sell [67]. In the analysis of carbon credits, it is crucial 
to account for uncertainties. Hypothetical projects like the one 
discussed by the author could potentially experience reduced 
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carbon credit generation due to higher leakage rates or automatic 
credit reductions associated with uncertain verification schemes. 
The lack of a specific credit verifier, marketplace, or protocol 
adds further uncertainty to these potential credit reductions in 
the voluntary carbon market. The development of a protocol in 
the compliance or voluntary carbon market for the biogas project 
from co-digestion of sewage sludge and biowaste is also uncertain, 
accompanied by significant establishment costs and potential 
additional transaction costs for project verification. Moreover, the 
verification process in the compliance market is time-consuming, 
taking up to 2.5 years for certain credit types [39, 78, 79].

Being such a novel initiative to develop a carbon offset project 
for biogas production from the co-digestion of sewage sludge 
and biowaste, it was tough to get the required data, for example, 
assumptions needed to be made based on literature for how much 
electricity can be produced from the biogas. Another shortcoming 
is finding enough GHG emissions differential to potentially pursue 
a carbon offset project. The GHG emission differential for the 
study was quite low which led to lower carbon credit calculations. 
Enhanced clarity and comprehension of the co-digestion process 
will reduce uncertainties and assumptions, thereby instilling 
greater confidence in the outcomes.

The establishment of carbon credits for the biogas project 
generated from the co-digestion of sewage sludge and biowaste 
requires significant further steps. A standard and clear verification 
method would be needed to estimate and validate the carbon 
credits for the hypothetical project. The project can be aligned 
with the ISO 14064-2 standard which is focused on GHG projects 
or project-based activities specifically designed to reduce GHG 
emissions and/or enhance GHG removals. It provides the basis 
for GHG projects to be validated and verified [80]. It would also 
be interesting to look into the establishment of additional credits 
based on the application of the digestate from the co-digestion 
process in soil amendments works which replaces the use of 
inorganic fertilizers. It can be said that the preliminary results of 
this study indicate that future efforts to pursue carbon credits based 
on biogas from the co-digestion of sewage sludge and biowaste 
project may be a worthwhile endeavor because of the associated 
co-benefits and scope for additional carbon credits.

Conclusions
The most robust findings of the study include the success of the 
development of a biogas carbon offset project, and calculation 
of the carbon credit that can be generated from the offset project. 
The amount of biogas produced from the co-digestion process 
is 20401.08037 m3/year by digesting a mixture of 2450 tons of 
sewage sludge and 5530 tons of biowaste that were produced in 
Narva city in the year 2012. The author of this study developed 
a carbon offset project for this amount of biogas, which is cost-
effective, verifiable, quantifiable, and possesses long-term benefits 
in relation to additionality, the fundamental criteria defining the 
credibility of the carbon offset project. But it is quite unsure 
if the project will be able to overcome the lack of regulatory 
clarity during development which may pose difficulties for this 
ground-breaking project. However, the demand for such kinds 
of projects in both the compliance and voluntary carbon market 
is high. Moreover, the project needs to be quantified to evaluate 
how much emission reduction it can generate.

The findings of the study show that the biogas offset project can 
generate a considerable amount of carbon credits. The revenue 
generated by the carbon credits depends on the price of carbon 
credits. The price for carbon credit varies depending on the project 

location, project type, alignment with the standards, offset quality, 
and delivery guarantees. The revenue generated by the developed 
offset project was calculated based on the European market and it 
was found that it can range from 118 EUR to 41300 EUR depending 
on the different prices offered in both compliance and voluntary 
markets. There can be additional credit value generated by the offset 
project based on the co-benefits associated with the project. The 
offset projects with higher co-benefits tend to generate more revenue 
as buyers have an affinity to buy those credits. Some of the co-
benefits include a reduction in fossil fuel extraction and associated 
pollution, the generation of high-quality fertilizer, and minimizing 
groundwater pollution. However, the generated carbon credit is 
also susceptible to uncertainties due to the higher leakage rates or 
automatic credit reductions associated with uncertain verification 
schemes. The lack of a specific credit verifier, marketplace, or 
protocol adds further uncertainty to these potential credit reductions 
in the voluntary carbon market. Therefore, the carbon offset 
project and the carbon credit generated by the author of the study 
require further research to combat complications of the regulatory 
framework and to deal with the uncertainties. As a novel approach, 
the study shows that co-digestion of sewage sludge and biowaste 
can bring a lot of opportunities for Narva city and can help the city 
to produce electricity from renewable sources and avail additional 
benefits by selling the carbon credits.

However, the study was a preliminary approach limited by data 
availability and an incomplete understanding of the co-digestion 
process inside the bioreactor. There are significant environmental 
impacts associated with the co-digestion process and the biogas yield 
was considerable which opens the scope for further research into 
carbon credits development. Based on rough calculations and a very 
conservative approach, it is found that the hypothetical project can 
generate income between 118 EUR to 41300 EUR from carbon credit 
sales. This income can be further augmented by creating additional 
credit value from the co-benefits of the biogas carbon offset project.

References
1.	 Foster W, Azimov U, Gauthier-Maradei P, Molano LC, 

Combrinck M, et al. (2021) Waste-to-energy conversion 
technologies in the UK: processes and barriers – a review. 
Renew Sust Energy Rev 135: 110226.

2.	 Kalair AR, Seyedmahmoudian M, Stojcevski A, Abas N, 
Khan N (2021) Waste to energy conversion for a sustainable 
future. Heliyon 7: e08155.

3.	 Srisowmeya G, Chakravarthy M, Devi GN (2019) Critical 
considerations in two-stage anaerobic digestion of food waste 
– a review. Renew Sust Energy Rev 119: 109587.

4.	 Boro M, Verma AK, Chettri D, Yata VK, Verma AK (2022) 
Strategies involved in biofuel production from agro-based 
lignocellulose biomass. Environ Technol Innov 28: 102679.

5.	 Kapoor R, Ghosh P, Kumar M, Sengupta S, Gupta A, et al. 
(2020) Valorization of agricultural waste for biogas based 
circular economy in India: a Research Outlook. Bioresour 
Technol 304: 5123036. 

6.	 C Morales-Polo, M del M Cledera-Castro, B Y M Soria (2019) 
Biogas production from vegetable and fruit markets waste-
compositional and batch characterizations. Sustain 11: 23.

7.	 G Charis, G Danha, E Muzenda (2020) Characterizations 
of biomasses for subsequent thermochemical conversion: 
a comparative study of pine sawdust and Acacia Tortilis, 
Processes 8: 546.

8.	 J Ferrasse, S Akkache, N Roche (2015) Thermochemical 
conversion of sewage sludge by TGA-FTIR analysis: 
influence of mineral matter added, Dry. Technol. An Int. J 
1318-1326.



Citation: Fatema Tarin, Viktoria Voronova, Arina Szczygielska (2024) Co-digestion of Sewage Sludge and Biowaste for Biogas Production, GHG Avoided Emissions, 
and Profitable Carbon Credit Development. Journal of Civil Engineering Research & Technology. SRC/JCERT-180. DOI: doi.org/10.47363/JCERT/2024(6)167

J Civ Eng Res Technol, 2024              Volume 6(8): 9-10

9.	 Acosta N, De Vrieze J, Sandoval V, Sinche D, Wierinck I, et 
al. (2018) Cocoa residues as viable biomass for renewable 
energy production through anaerobic digestion. Bioresour 
Technol 265: 568-572. 

10.	 Nzila C, Dewulf J, Spanjers H, Kiriamiti H, van Langenhove 
H (2010) Biowaste energy potential in Kenya. Renew. Energy 
35: 2698-2704.

11.	 Noorollahi Y, Kheirrouz M, Asl HF, Yousefi H, Hajinezhad 
A (2015) Biogas production potential from livestock manure 
in Iran. Renew. Sustain Energy Rev 50: 748-754.

12.	 Andriani D, Wresta A, Saepudin A, Prawara B (2015) A 
review of recycling of human excreta to energy through biogas 
generation: Indonesia case. Energy Procedia 68: 219-225.

13.	 Bhatia SK, Joo HS, Yang YH (2018) Biowaste-to-bioenergy 
using biological methods–a mini-review. Energy Convers. 
Manag 177: 640-660.

14.	 Islam AKMS, Islam M, Rahman T (2006) Effective renewable 
energy activities in Bangladesh. Renew. Energy 31: 677-688.

15.	 World Bank (2021) Options Analysis of Estonian Municipal 
Solid Waste Management System. © World Bank https://
envir.ee/media/4898/download. 

16.	 Chiu SLH, IMC Lo (2016) Reviewing the anaerobic digestion 
and co-digestion process of food waste from the perspectives 
on biogas production performance and environmental impacts. 
Environ Sci Pollut Res Int 23: 24435-24450.

17.	 Dai X, Nina Duan, Bin Dong, Lingling Dai (2013) High-solids 
anaerobic co-digestion of sewage sludge and food waste in 
comparison with mono digestions: stability and performance. 
Waste Manag 33: 308-316.

18.	 ZhangC, Haijia Su, Jan Baeyens, Tianwei Tan (2014) 
Reviewing the anaerobic digestion of food waste for biogas 
production. Renewable and Sustainable Energy Reviews 
38: 383-392.

19.	 Zupančič GD, N Uranjek-Ževart, M Roš (2008) Full-scale 
anaerobic co-digestion of organic waste and municipal sludge. 
Biomass and Bioenergy 32: 162-167.

20.	 Bolzonella D (2006) Anaerobic codigestion of waste activated 
sludge and OFMSW: the experiences of Viareggio and Treviso 
plants (Italy). Water Science and Technology 53: 203-211.

21.	 Edwards J, Maazuza Othman, Enda Crossin, Stewart Burn 
(2017) Anaerobic co-digestion of municipal food waste and 
sewage sludge: A comparative life cycle assessment in the 
context of a waste service provision. Bioresour Technol 223: 
237-249.

22.	 Lijo L, Simos Malamis, Sara González-García, María Teresa 
Moreira, Francesco Fatone, et al. (2016) Decentralised 
schemes for integrated management of wastewater and 
domestic organic waste: the case of a small community. J 
Environ Manage 203: 732-740.

23.	 Prabhu MS, S Mutnuri (2016) Anaerobic co-digestion 
of sewage sludge and food waste. Waste Management & 
Research 34: 307-315.

24.	 Siddique NI, Wahid Z (2018) Achievements and perspectives 
of anaerobic co-digestion: a review. J Clean Prod 194: 359-371. 

25.	 Tallou A, Salcedo FP, Haouas A, Jamali MY, Atif K, et al. 
(2020) Assessment of biogas and biofertilizer produced 
from anaerobic co-digestion of olive mill wastewater with 
municipal wastewater and cow dung. Environ Technol Innov 
20: 101152. 

26.	 Iweka SC, Owuama KC, Chukweneka Falowo OW (2021) 
Optimization of biogas yield from anaerobic co-digestion 
of corn-chaff and cow dung digestate: RSM and python 
approach. Heliyon 7: e08255.

27.	 Ivanchenko A, Yelatontsev D, Savenkov A (2021) Anaerobic 

co-digestion of agroindustrial waste with cheese whey: impact 
of centrifuge comminution on biogas release and digestate 
agrochemical properties. Biomass Bioenergy 147: 106010. 

28.	 Deepanraj B, Senthilkumar N, Ranjitha J (2021) Effect of solid 
concentration on biogas production through anaerobic digestion 
of rapeseed oil cake. Energy Sour Part A 43: 1329-1336.

29.	 Mudzanani K, Iyuke SE, Daramola MO (2022) Co-digestion 
of wastewater treatment sewage sludge with various 
biowastes: A comparative study for the enhancement of biogas 
production. Materials Today: Proceedings 65: 2172-2183.

30.	 N Bachmann (2015) Sustainable biogas production in 
municipal wastewater treatment plants https://www.
ieabioenergy.com/wp-content/uploads/2015/11/Wastewater_
biogas_grey_web-1.pdf. 

31.	 R Maurya, SR Tirkey, S Rajapitamahuni, A Ghosh, S Mishra 
(2019) Recent advances and future prospective of biogas 
production 159-178.

32.	 BiogasWorld | Connecting the biogas industry https://www.
biogasworld.com/.  

33.	 WT Tsai (2012) An analysis of the use of biosludge as an 
energy source and its environmental benefits in Taiwan, 
Energies 5: 3064-3073.

34.	 Murray J, Dey C (2009) The Carbon Neutral Free for All. 
International Journal of Greenhouse Gas Control 3: 237-248.

35.	 Conte MN, Kotchen MJ (2010) Explaining the price of voluntary 
carbon offsets. Climate Change Economics 1: 93-111.

36.	 United Nations Framework Convention on Climate Change 
(UNFCCC) (1997) The Kyoto Protocol. Bonn: UNFCCC.

37.	 Lovell HC (2010) Governing the carbon offset market. Wiley 
interdisciplinary reviews: climate change 1: 353-362.

38.	 Kollmuss A, H Zink, C Polycarp (2008) A Comparison of 
Carbon Offset Standards. WWF Germany https://www.
globalcarbonproject.org/global/pdf/WWF_2008_A%20
comparison%20of%20C%20offset%20Standards.pdf. 

39.	 Hamrick K, M Gallant (2017) Unlocking Potential: State of 
the Voluntary Carbon Markets 2017. Ecosystem Marketplace 
https://forest-trends.org/wp-content/uploads/2017/07/
doc_5591.pdf. 

40.	 Satoh I (2013) A Supply Chain Management with Carbon 
Offsetting Credits. In Business Process Management 
Workshops: BPM 2012 International Workshops, Tallinn, 
Estonia, Springer Berlin Heidelberg 10: 541-549.

41.	 Esteve Corbera, Manuel Estrada, Katrina Brown (2009) How 
do regulate and voluntary carbon-offset schemes compare? 
Journal of Integrative Environmental Sciences 6: 25-50.

42.	 Bumpus AG, Liverman DM (2008) Accumulation by 
decarbonization and the governance of carbon offsets. 
Economic Geography 84: 127-155. 

43.	 Donofrio S, Maguire P, Zwick S, Merry W (2020) The only 
constant is change – state of the voluntary carbon markets 
2020, Second Installment. Forest Trends 23.

44.	 The Voluntary Carbon Market: Climate Finance at an Inflection 
Point. World Economic Forum https://www3.weforum.org/
docs/WEF_The_Voluntary_Carbon_Market_2023.pdf.  

45.	 Taskforce on scaling voluntary carbon markets https://icvcm.
org/wp-content/uploads/2022/03/TSVCM_Report.pdf. 

46.	 Waste plan of the city of Narva for the years 2014-2020. 
Säästva Eesti Instituut http://www.narvaplan.ee/docs/Narva_
linna_jaatmekava_aastateks_2014-2020.pdf. 

47.	 Survey of the composition and quantities of mixed 
household waste, separately collected paper and packaging 
waste and electronic waste, 2020. SA Stockholm 
Environmental Institute Tallinn Center https://www.
sei.org/wp-content/uploads/2020/10/sortimisuuring-



Citation: Fatema Tarin, Viktoria Voronova, Arina Szczygielska (2024) Co-digestion of Sewage Sludge and Biowaste for Biogas Production, GHG Avoided Emissions, 
and Profitable Carbon Credit Development. Journal of Civil Engineering Research & Technology. SRC/JCERT-180. DOI: doi.org/10.47363/JCERT/2024(6)167

J Civ Eng Res Technol, 2024              Volume 6(8): 10-10

Copyright: ©2024 Fatema Tarin. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited.

loppr%C3%A4uts%C3%A4.pdf. 
48.	 ISO 14040:2006 (2006) Environmental management — life 

cycle assessment —principles and framework https://www.
iso.org/home.html. 

49.	 Pennington DW, Potting J, Finnveden G, Lindeijer E, Jolliet 
O, et al. (2006) Life cycle assessment Part 2: Current impact 
assessment practice. Environ. Int 30: 721-739.

50.	 Rebitzer G, Tomas E, Rolf F, Davis H, Norris G, et al. (2004) 
Life cycle assessment: Part 1: Framework, goal and scope 
definition, inventory analysis, and applications. Environ. Int 
30: 701-720.

51.	 Tong H, Ye Shen, Jingxin Zhang, Chi-Hwa Wang, Tian Shu 
Ge, et al. (2018) A comparative life cycle assessment on 
four waste-to-energy scenarios for food waste generated in 
eateries. Applied Energy 225: 1143-1157.

52.	 Bento A, Ho B, Ramirez-Basora M (2015) Optimal monitoring 
and offset prices in voluntary emissions markets. Resource 
and Energy Economics 41: 202-223. 

53.	 Yamin F (2005) The international rules on the Kyoto mechanisms. 
In Climate change and carbon markets: A handbook of emissions 
reductions mechanisms, ed. F.Yamin 1-74.

54.	 Michaelowa A (2005) Determination of baselines and 
additionality for the CDM: A crucial element of credibility 
of the climate regime. In Climate change and carbon markets: 
A handbook for emissions reduction mechanisms, ed. F.Yamin 
305–20.

55.	 Taiyab N (2006) Exploring the market for voluntary carbon 
offsets (No. 8) https://climatechange.gov.rw/fileadmin/user_
upload/15502IIED.pdf. 

56.	 Bhandari P, S Mason, L Olander (2021) Life Cycle 
Assessment and Carbon Offset Potential for Cultured Milk 
Protein. NI WP 21-01. Durham, NC: Duke University https://
nicholasinstitute.duke.edu/sites/default/files/publications/
Life-Cycle-Assessment-and-Carbon-Offset-Potential-for-
Cultured-Milk-Protein.pdf. 

57.	 Gold Standard Market report (2020) https://www.
goldstandard.org/sites/default/files/gold_standard_market_
report_2020.pdf. 

58.	 Jessica Campbell, Irene M Herremans, Anne Kleffner 
(2018) Barriers to achieving additionality in carbon offsets: 
a regulatory risk perspective, Journal of Environmental 
Planning and Management 61: 2570-2589.

59.	 Grace J (2006) Do trees warm or cool the planet? Guest 
lecture at the Oxford University Centre for the Environment, 
Oxford, U.K.

60.	 Freeman OE, Zerriffi H (2014) How you count carbon 
matters: implications of differing cookstove carbon credit 
methodologies for climate and development cobenefits. 
Environmental science & technology 48: 14112-14120.

61.	 Shimizu Y, Toyosada K, Yoshitaka M, Sakaue K (2012) 
Creation of carbon credits by water saving. Water 4: 533-544.

62.	 Bruno Locatelli, Lucio Pedroni (2004) Accounting methods 
for carbon credits: impacts on the minimum area of forestry 
projects under the Clean Development Mechanism, Climate 
Policy 4: 193-204.

63.	 Suhartini S, Lestari YP, Nurika I (2019) Estimation of 
methane and electricity potential from canteen food waste. 
In IOP conference series: earth and environmental science 
IOP Publishing 230: 012075. 

64.	 Pricing Greenhouse Gas Emissions (OECD 2022) https://
oe.cd/pricing-greenhouse-gasemissions.  

65.	 Emissions cap and allowances. European Commission 2021 
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-
system-eu-ets/emissions-cap-and-allowances_en. 

66.	 Kollmuss A, Lazarus M, Lee C, LeFranc M, Polycarp C 
(2010) Handbook of carbon offset programs: trading 
systems, funds, protocols and standards. Routledge 
https://www.routledge.com/Handbook-of-Carbon-Offset-
Programs-Trading-Systems-Funds-Protocols-and-Standards/
Kollmuss-Lazarus-Lee-LeFranc-Polycarp/p/book/97811389
75729?srsltid=AfmBOoqBb8RczCVnePhmwzUODwm76_
NzxXOxE0Qwl0N15Tk49Oh-g98q. 

67.	 Hamrick K, M Gallant (2017) Unlocking Potential: State of 
the Voluntary Carbon Markets 2017. Ecosystem Marketplace 
https://forest-trends.org/wp-content/uploads/2017/07/
doc_5591.pdf. 

68.	 Emad Ghafoori, Peter C Flynn, M David Checkel (2007) 
Carbon Credits Required to Make Manure Biogas Plants 
Economic, International Journal of Green Energy 4: 339-349.

69.	 West D (2004) Capturing Carbon Credits through Manure 
Digestion. Advances in Pork Production 15: 193.

70.	 Munster M, Juul-Kristensen B (2005) Maabjerg BioEnergy 
- a biogas project with numerous advantages http://www.
maabjerg-bioenergy.dk/Default.aspx?ID=362. 

71.	 Row J, Neabel D (2005) Integrated Manure Utilization 
System Life Cycle Value Assessment. Unpublished Report by 
the Pembina Institute, Calgary, AB https://www.pembina.org/
pub/integrated-manure-utilization-system-life-cycle-value-
assessment. 

72.	 Ghafoori E, Flynn PC (2006) Optimizing the Size of 
Anaerobic Digesters. Presented at the 2006. ASABE Annual 
International Conference, Portland, OR https://elibrary.asabe.
org/abstract.asp?aid=22061&t=2&redir=&redirType=. 

73.	 Donofrio S, P Maguire, W Merry, S Zwick (2019) Financing 
Emissions Reductions for the Future: State of the Voluntary 
Carbon Markets 2019. Forest Trends’ Ecosystem Marketplace 
https://www.forest-trends.org/wp-content/uploads/2019/12/
SOVCM2019.pdf. 

74.	 H Lovell, H Bulkeley, D Liverman (2009) Carbon offsetting: 
sustaining consumption? Environ. Plan. A 41: 2357-2379.

75.	 M Peters-Stanley, G Gonzalez (2014) Sharing the Stage: 
State of the Voluntary Carbon Markets 2014. Forest Trends’ 
Ecosystem Marketplace https://www.ecosystemmarketplace.
com/publications/sharing-the-stage/. 

76.	 H Lovell, D Liverman (2010) Understanding carbon offset 
technologies, New Political Econ 15: 255-273.

77.	 M Peters-Stanley, K Hamilton (2012) Developing Dimension: 
State of the Voluntary Carbon Markets 2012. Forest Trends’ 
Ecosystem Marketplace and Bloomberg New Energy Finance 
https://www.forest-trends.org/wp-content/uploads/imported/
svcm_2012_executive-summary-only_v6_6-14-12_letter-
pdf.pdf. 

78.	 Pearson TRH, S Brown, B Sohngen, J Henman, S Ohrel 
(2014) Transaction Costs for Carbon Sequestration Projects 
in the Tropical Forest Sector. Mitigation and Adaptation 
Strategies for Global Change 19: 1209-1222. 

79.	 Phan THD, R Brouwer, MD Davidson (2017) A Global 
Survey and Review of the Determinants of Transaction Costs 
of Forestry Carbon Projects. Ecological Economics 133: 1-10. 

80.	 ISO 14064:2018 (2018) Greenhouse gas management and 
climate change management and related activities — Carbon 
neutrality https://www.iso.org/obp/ui/#iso:std:iso:14068:dis:ed-
1:v1:en. 


