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Abstract 

Since the end of last century, green certificates (GCs) have been gradually created in 

different regions or countries to help promote and contribute to renewable energy. 

Especially in EU, there is a long evolution for Guarantees of Origin (GOs) with series 

of legislations implemented and organizations founded for managing the GOs market. 

Nowadays, GCs are often used in environmental assessment to report relevant carbon 

emissions (Scope 2 emissions). However, when using GCs to apply in life cycle 

assessment (LCA), GCs itself has several limits, such as double counting, potential 

unverifiability of GCs, etc.  

This study offers a standardized procedure for integrating GCs into LCA, with the goal 

of offering broad guidelines and norms to address the chaos of GC abuse into 

environmental assessment globally. The whole procedures include mainly four phases: 

1) Before and during GCs trading; 2) Before retiring GCs and using LCA; 3) When 

using LCA; 4) After using LCA. First, before and during GCs trading, it is necessary to 

build a GCs generating and trading system from ensuring the reliability of GCs, which 

is recommended as the four-component system by smart meters, distributed ledger 

technology, trading platform, and client application. Second, before retiring GCs and 

using LCA, any firm needs to determine the annual renewables (RES) usage in the 

company level, classify GCs by geographical and temporal matching, and check the 

types of GCs (bundled or unbundled GCs). Third, when using LCA, it is mandatory to 

uniformly choose attributional LCA approach to do environmental reporting or claims, 

meanwhile guaranteeing market-based accounting for Scope 2 emission in the whole 

market, as well as using reliable data base for residual mix and relevant emission factors. 

Finally, after using LCA, electricity balance sheets and renewable energy certificate 

details should also be included in the LCA background report. In order to test the 

efficiency of the GCs’ standardization in LCA, a single Italian ceramic plant was chosen 

for the case study in this work, which employed the suggested GC standards into LCA. 

Through the simulation of multiple scenarios, the company's results demonstrate how 

successful it is to stop the invalid carbon reduction (cut off 10~15% declared carbon 
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emissions) and enhance the final emissions' reliability through standardization. In 

addition to the proposal, for further policy development, policymakers need to focus on 

the aspects like issuing GCs, resolving discrepancies in GC data, etc. 

Keywords: green certificates, life cycle assessment, guarantees of origin, 

standardization 
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1. Introduction  

1.1 Research Background 

With the rapid development of human society in the past century, climate change, as a 

global environmental issue, has also attracted increasing attentions. The Paris Climate 

Conference set a goal to limit the global average temperature increase to within 2°C 

above pre-industrial levels, with an aspirational target of 1.5°C. Achieving this requires 

keeping cumulative global CO2 emissions below 1 trillion tons and reducing global 

greenhouse gas (GHG) emissions by 40-70% by 2050 compared to 2010 levels. The 

aim is to reach zero emissions by the end of the century (Rose et al., 2017). 

Normally, achieving GHG emissions neutrality involves two main strategies: 

decarbonization and defossilization. By decarbonization, it means to eliminate carbon 

use across industries, especially in energy conversion. Over 90% of national GHG 

emissions originate from fossil energy conversion in sectors like industrial production, 

transportation, and households (Garvens, 2022). Based on Figure 1 (Ember, 2024; 

Energy Institute, 2023), it is evident that fossil fuels still dominate total electricity 

production. However, renewable energy, particularly wind and solar power, is rapidly 

increasing and entering a significant growth phase. 
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Fig.1. Share of electricity production by source in worldwide from 1985 to 2023 

(Ember, 2024; Energy Institute, 2023)  

Seeing that, reducing CO2 emissions from electricity generation is a highly effective 

strategy for mitigating GHG emissions, given the central role of electricity in powering 

economic activities. Consequently, the power industry has been actively working to 

lower its CO2 emissions by adopting renewable energy sources such as solar power and 

hydropower (Vertes et al., 2020). With the exception of the very minimal emissions that 

occur during plant construction and maintenance, renewable energy sources like solar, 

wind, hydro, and geothermal power have no emissions associated with their generation 

per megawatt-hour (MWh). However, what cannot be ignored is that it does have 

emissions for generating renewable energy from burning biomass; the amount varies 

depending on the fuel types, processing methods, and application (RECS Energy 

Certificate Association, 2020). 

To accelerate the process, tradable Green Certificates (TGCs) is induced to provide 

additional revenue to ensure a baseline level of renewable energy production. By 

applying green certificates (GCs), there are several advantages: 1) they can be traded 

internationally and align with public support schemes; 2) they bypass physical 

limitations of electricity transfer; 3) they decouple the timing of supply and demand for 

rebound effects (Safarzadeh et al., 2022).  
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Besides that, energy markets often have information asymmetry because consumers 

can't reliably tell if their energy is from renewable or non-renewable sources. As 

electrons are indistinguishable, while using a common electrical grid, electrons from 

various generators are combined together. This can lead to adverse selection, where 

those wanting renewable energy may not buy it at all (Akerlof, 1970). Since consumers 

don't notice a difference in their energy use and production happens elsewhere, it's hard 

to distinguish the source. With GCs, it helps by providing information about the 

energy's origin, allowing consumers to make informed choices. For example, the 

introduction of Guarantees of Origins (GOs, a widely-used type of GCs in European 

Union), serving as a tracking tool for verifying the source of electricity, make it possible 

to separate the green electricity which is covered by GOs from the rest of the electricity 

production. Moreover, not only the tracking mechanism, GOs also provides contractual 

obligations between the supplier and customer concerning the corresponding electricity 

plant, energy source, production period, etc. In other words, now the consumers have 

various options to choose and select (by voluntarily purchasing GOs) a particular 

volume and electricity producing technology when covering their electricity 

consumption volume (Raadal, 2012). 

In summary, GCs allow the consumers in the electricity market to have rights to 

determine their own specific electricity mixes, compared to the passive acceptance of 

the traditional “fixed” average grid mixed which highly depend on the actual 

geographical electricity production facilities as well as physical import and export of 

electricity. With the involvement of market forces inside a regulated system through the 

above-mentioned instruments, it is apparent to see that a customer-driven demand for 

renewable electricity further drives advancements, creativity, and investment in further 

renewable energy capacity. 
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1.2 Research Motivation 

Nowadays, many countries try to achieve significant reductions of GHG emissions by 

endeavoring to replace traditional fossil electricity with renewable energy electricity. 

As mentioned before, GCs, as a tool, are used to contribute to the generation of 

renewable energy and reflect to which extent the organization or products are 

committed to sustainability (e.g. carbon neutrality).  

However, GCs alone are insufficient. We also need to use crucial tools, for example, 

Life Cycle Assessment (LCA) and Life Cycle Thinking (LCT), for evaluating processes, 

products or organizations to check if they meet GHG targets and other environmental 

impacts. LCA can help create climate neutrality scenarios using current data, 

emphasizing the importance of renewable energy. (Garvens, 2022). 

Speaking of the evaluation of processes and products, in the research by Mondello and 

Salomone (2020), they mentioned that "green processes" and "green products" have 

gained significant attention from industries, governments, and researchers, 

emphasizing sustainability. A green process reduces environmental impacts in 

manufacturing, while a green product uses recycled, renewable, toxic-free, or 

biodegradable resources to minimize environmental damage throughout its lifecycle. 

(Fujitsu Group, 2003; Durif, 2010). To define whether processes or products are green, 

it requires considering both sustainable activities and the entire life cycle, and we can 

apply GCs in LCA as part of the assessment. 

To put it briefly, due to the fact that many companies are obliged to make environmental 

reporting or willingly contribute to the sustainable development, when buying GCs to 

improve their environmental profiles, the data of GCs need to be included considering 

electricity consumption while using LCA concisely interprets the result of the 

environmental impacts regarding their products or services (Kåberger & Karlsson, 

1998). 

However, in respect to the necessity of GCs’ application in LCA, the main challenges 

are two aspects. One issue is double counting, which another is the reliability of the 

LCA data regarding GCs and residual mixes. 
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1.3 Research Objectives 

As previously mentioned, GCs are crucial to the global electricity market since they 

convey environmental characteristics apart from actual electricity. Furthermore, LCA 

is a useful method for quantitatively evaluating how a product, service, or organization 

will affect the environment. Seldom published studies that thoroughly examine the 

application of green certifications in LCAs and their standardization can be found in 

the pertinent literature. 

Therefore, this article mainly focuses on identifying the limitation for the use of GCs 

in LCA and proposing the standardization for their relevant use. Given the above-

described introduction, the main research questions in this study are as follows: 

⚫ What are the limitations for the application of GCs in LCA? 

⚫ How should the GCs be applied in the LCA of products, services and companies?  

There should also be noted that in this article, most of the cases and examples provided 

are of GOs, nevertheless, it does not affect the goals and results of the research. 
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2. Overview of GCs and LCA 

2.1 Current Types and Applications of GCs 

GCs are widely used to meet renewable energy targets in many countries (Amundsen 

and Mortensen, 2001; Amundsen and Bergman, 2012; Linares et al., 2008). GCs are 

also known as Renewable Energy Certificates (RECs) in the U.S., Renewable Energy 

Credits for Voluntary Purchases in Canada, Renewable Obligation Certificates in the 

U.K., and GOs in the European Union and other European countries, etc. For every unit 

of renewable energy produced, "green" producers receive a certificate from this market-

based system, which they can subsequently sell at the going rate. It is a tradeable 

commodity that stands for the advantages of producing electricity from renewable 

sources, aside from the actual electrical power.  

Ever since the start of 21st century, there have already some recommendations and 

proposals for implementing GCs as a proof of the origin of electricity. The evolution of 

the GO legal framework from 2001 to the present is depicted in Figure 2 (THEMA 

Consulting, n.d.). GOs were originally established by the EU in Directive 2001/77/EC. 

Then, GOs are defined as electronic documentation stating to the assertion that a given 

quantity of energy is generated from renewable sources under the Renewable Energy 

Directive 2009/28/EC. Since RED I, GOs - which are governed by the Renewable 

Energy Directive (RED) under the Clean Energy Package - have changed from being 

non-tradable to transferable assets. Economic value considerations, expiration 

restrictions, and provisions for small installations and green gasses were added in later 

modifications of RED II and III. These guidelines bring GOs closer to more detailed 

accounting and are in line with EU climate targets for transparency and the promotion 

of green energy. 
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Fig.2. Development of the GO legal framework in the EU  

(THEMA Consulting, n.d.) 

In addition to being grouped according to the geographical regions from which they are 

issued, GCs can also be classified into two primary groups: bundled and unbundled, 

depending on whether they are sold with or without actual electricity. 

⚫ Bundled GCs 

Bundled GCs include the physical electricity, as previously explained. An energy 

supplier receives the electricity and the certificates in one package when they purchase 

renewable energy. In order to guarantee that their electricity is sourced exclusively from 

renewable sources, companies and consumers tend to favor bundled certificates. This 

makes the relationship between their energy consumption and renewable energy 

generation clear. 

⚫ Unbundled GCs 

Unbundled GCs are offered for sale independently of the actual electricity. It also 

means that a party does not have to buy the actual power while purchasing the 

certificates. Based on this, unbundled certificates are frequently used by organizations 

to meet legal obligations or sustainable development aims. With this flexible strategy, 

companies can claim renewable energy benefits without changing contracts or their 

electricity supplier (Guarantees of Origin, Renewable Energy Certificates, the Residual 

Mix and Carbon Offsetting in LCA, n.d.). 
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In the Figure 3, it shows the mechanism of energy usage with and without GOs. With 

the introduction of GOs, consumers can choose whether purchase the green electricity 

certified with GOs or not. 

 

Fig.3. Mechanism of energy usage with and without GOs  

(Guarantees of Origin (GOs), n.d.) 

2.1.1 GCs in Tradable GCs (TGCs) Market 

According to Amundsen and Bergman (2012), Sweden implemented a TGCs market in 

2003, promoting investments in renewable energy-based electricity generation. This 

market aims to not rely on direct governmental subsidies for renewable energy 

initiatives. 

In the TGC market, green power producers, typically as the sellers in the TGC market, 

get one TGC for every MWh of green electricity generated. And TGCs can be sold 

either now or at a later time. Buyers, like consumers and retail businesses, are obliged 

to buy TGCs to cover a predetermined percentage of renewable energy in their entire 

power use, which creates demand. Then, the balance between supply and demand 

determines the TGC market price. 

Except for TGCs market, countries such as Denmark and Germany use feed-in tariffs, 
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which provide a fixed subsidy per unit of green power produced, in place of TGCs. 

Compared with measures of feed-in tariffs, TGC markets can more effectively enable 

international collaboration in renewable energy projects, leading to more fairly costs 

and profits shared by countries. Furthermore, feed-in tariffs make it difficult for cross-

border subsidies to occur, which makes TGC systems a better fit for global renewable 

energy targets. 

A unified system for the international trading of RECs (e.g., GOs) is the European 

Energy Certification Scheme (EECS), created by the Association of Issuing Bodies 

(AIB), the primary proponent of international energy certificate schemes. A renewable 

energy certificate's life cycle consists of its issuance, transfer, and cancellation (AIB, 

2011). Figure 4 illustrates how certificates change between these three primary states. 

Furthermore, two additional states are displayed: "expired" (certificates that have not 

been revoked within a year and are automatically cancelled) and "withdrawn", which 

refers to certificates that were granted in error. 

 

Fig.4. The life cycle of an EECS certificate  

(AIB, 2024) 

2.2.2 GCs for the Electricity Disclosure 

According to the Electricity Market Directive (2009/72/EC, Article 3(9)), electricity 

suppliers are obligated to reveal the energy sources and environmental effects of their 

power portfolio, including CO2 emissions and radioactive waste creation. Figure 5 
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illustrates how customers can purchase GOs voluntarily in order to improve the 

Electricity Disclosure by claiming the associated qualities (such as origin, emissions, 

etc.) of the generated electricity. The Residual Mix must be used for disclosure by the 

remaining power users. 

 

Fig.5. Principle for the Electricity Disclosure system 

2.2 Application of LCA in  nvironmental Benefit Assessment 

LCA, is a methodical approach to assess a product, service, or process's environmental 

effects throughout the course of its whole life cycle. Normally, it includes stages like 

the extraction of raw materials, manufacturing, distribution, usage, disposal, and 

recycling. As an important environmental systems analysis tool, LCA helps decision-

makers in both private and public spheres to implement more sustainable practices 

(Brandão et al.,2024).  

Data on all inputs, including raw materials, energy, and water, as well as all outputs, 

including emissions and waste, must be gathered for LCAs, as seen in Figure 6. 

According to Mannan and Al-Ghamdi (2022), this assessment aids in determining the 

total environmental impact on resources, human health, and ecosystems. 
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Fig.6. Product life cycle phases 

Liu et al. (2017) reported that they employed a simplified model for the LCA of the 

iPhone 4S to assess the environmental impact of mobile phones throughout their life 

cycle. As the authors described, when compared to other mobile phones, the iPhone 4S 

is found to use more environmentally friendly materials, with lower energy 

consumption and pollutant emissions. However, significant emissions of GHGs, acid 

gases, and fluorinated substances still occur during manufacturing. 

For many decades, the primary standards governing LCA have been the ISO 14040–

14044 series, established by the International Organization for Standardization (ISO). 

Refer to Figure 7 for a historical overview of these standards.  
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Fig.7. Overview of the history and versions of the ISO 14040–14044 standards of LCA, with a 

focus on introduced inconsistencies  

(ISO, 2000a; ISO, 2000b; ISO, 2006a; ISO, 2006b; ISO, 2006c; Schaubroeck, 2022) 

Here, based on the research by Sala et al. (2021), when assessing the environmental 

impacts of products or services, it can be seen that various sectors are highlighted in 

relevant policies and communications in regard to LCA (shown as Figure 8).  

(Fig.8a.)  
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(Fig.8b.)  

 

Fig.8. The results of the classification of sectors of intervention of the identified EU policies and 

communications where LCT, LCA, LCC, and/or PEF/OEF are crucial, starting from the year 2000 

(Sala et al., 2021) 

(Fig.8a.) Relative distribution of sectors addressed in the 159 classified policies  

(N.E.C. = not elsewhere classified) 

(Fig.8b.) Relative distribution of sectors addressed in the 167 classified communications  

(N.E.C. = not elsewhere classified) 

In order to meet different goals like environmental reporting or decision making, there 

are two main modelling approaches for LCA: the consequential approach, which 

considers the “consequences of possible changes between two alternative products”, 

and the attributional approach, which considers “the account of the history of the 

product” (ISO, 2006c; Joint Research Centre, 2010). In short, the attributional method 

examines an existing condition, whereas the consequential approach examines how a 

decision causes a situation to change.  
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Table 1. Combination of two main aspects of the decision-context: decision orientation 

and kind of consequences in background system or other systems 

(Joint Research Centre, 2010) 

Decision support? 

Yes No 

Kind of process 

changes in 

background system / 

other systems 

None /small-scale Large-scale Situation C 

 “Accounting” 

(C1: including 

interactions with 

other systems; 

 C2: excluding 

interactions with 

other systems)  

Situation A 

“Micro-level decision 

support” 

Situation B 

 “Meso/macro-level 

decision support” 

Furthermore, according to decision orientation and kind of consequences in background 

system or other systems, in the ILCD Handbook (Joint Research Centre, 2010), there 

also details the two main modelling approaches by differentiating them for three 

archetypal goal situations (Situation A, B, C), as shown in Table 1 giving an overview 

of the resulting. Situation A and situation C can be categorized into the attributional 

approach, while situation B are related to the consequential approach. Table 2 provides 

a summary of the relation between two main modelling approaches and three archetypal 

goal situations. 

Table 2. A brief summary of the three typical goal scenarios along with the consequential and 

attributional approaches (Joint Research Centre, 2010) 

Consequential approach Situation B “Meso/macro-level decision support” 

(e.g. technological scenarios, policy choices, etc.) 

—To alter the available production capacity and 

have structural effects outside of the decision-

context. 

Attributional approach Situation A “Micro-level decision support” 

(commonly for concerns about particular products) 

—To have no or very little structural effects (not alter 

the amount of production capacity) and remain 

within the decision-context. 

Situation C “Accounting” 

 —To carry out detailed descriptive reporting of the 

system's life cycle (e.g. product, etc.) and not 

consider any further impacts on other economic 

sectors. 



Overview of GCs and LCA 

 

15 

Table 3 presents the three LCA modelling ways in details, in line with the introductio

n of the rules for classifying the LCA method above: 

⚫ Attributional 

1) Accounting (Situation C according to the ILCD Handbook) 

2) Decision support (Situation A according to the ILCD Handbook) 

⚫ Consequential (Situation B according to the ILCD Handbook) 

Table 3. Extensive conclusion for the three LCA modelling approaches described above 

(Joint Research Centre, 2010) 

 Consequential 

approach 

Attributional 

approach 

Decision support Decision support Accounting 

Aim Analyze what impacts 

a decision has on the 

environment 

Assess a 

product/service 

environmental profile 

Assess a 

product/service 

environmental profile 

Purpose Meso/macro-level 

decision support 

Micro-level decision 

support 

Accounting/reporting 

Time Past/ future Past/ future Past/ future 

Relations Established through 

models of general 

equilibrium 

Physical, financial, or 

contractual 

Physical, financial, or 

contractual 

 nvironment impacts Caused by a decision's 

effects 

Caused by the 

physical, financial, 

and/or contractual 

interactions among 

product systems 

Caused by the 

physical, financial, 

and/or contractual 

interactions among 

product systems 

Affected background 

processes/technologies 

Large-scale 

technologies/processes 

impacted 

Small- or non-scale 

technologies/processes 

impacted 

Small- or non-scale 

technologies/processes 

impacted 

2.3 Intersection of GCs and LCA 

In LCA, there are four main approaches based on physical mass and energy balances: 

⚫ Use the production mix of the total grid (e.g., Entso-E (European Network of 

Transmission System Operators for Electricity) in Europe) since the exact origin 

of electrons is unknown. 
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⚫ Use the mix from the nearest power plants or the production mix of a specific 

region. 

⚫ Use the consumption mix of a country, which includes both domestic production 

and imported electricity. 

⚫ Use the characteristics of the purchased electricity source, including bundled RECs 

or GOs from the same supplier (e.g., PPAs). 

It's worth noting that in the last approach, GCs involve in LCA with respect to GHG 

emissions and energy consumption side. According to GHG Protocol (Greenhouse Gas 

Protocol, 2004), there are basically direct and indirect GHG emissions associated with 

the product's or company's value chain under research. While indirect emissions are a 

result of the reporting business's actions but happen at sources owned or controlled by 

another entity, direct emissions of CO2 are emissions from sources that the reporting 

entity owns or controls. Then, they can be further divided into three scopes for 

accounting and reporting (as shown in Table 4 and Figure 9). 

Table 4. The relationship between scopes of emissions and (in)direct emissions  

Scope 1 emissions 

(direct emissions) 

Scope 2 emissions 

(indirect emissions) 

Scope 3 emissions 

(indirect emissions) 

Emissions from sources that 

organization owns or controls 

directly 

(e.g. emissions from fuel 

combustion in furnaces, 

boilers, and cars that are 

owned or under control by 

reporting business, etc.) 

 

 

Emissions resulting from the 

production of electricity, heat 

and steam that the company 

purchases 

 

Emissions covering all the 

other indirect emissions 

(e.g. production of purchased 

materials, employee business 

travel, outsourced activities, 

etc.) 

In accordance of World Business Council for Sustainable Development (WBCSD) and 

World Resources Institute (WRI), it is clear to see that the GCs are related to the scope 

2 emissions. 
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Figure.9. Overview of scopes and emissions of GHGs across a value chain 

(Greenhouse Gas Protocol, 2004) 

From the life cycle thinking, the link between the Corporate Standard, Product Standard, 

and Scope 3 Standard is depicted in Figure 10. In this simplified illustration, a company 

produces just one good (Product A). The example shows how the product life cycle 

stages and the corporate emissions scopes parallel, and also highlights the section in 

use of GCs (Greenhouse Gas Protocol, 2004; Greenhouse Gas Protocol, 2011a; 

Greenhouse Gas Protocol, 2011b). 

 

Figure.10. The relationship between the Corporate, Scope 3, and Product Standards for a 

company manufacturing product A  

(Greenhouse Gas Protocol, 2011a)  

Given the LCA modelling approaches described before, the most relevant approach 

about GCs is the attributional approach whether for decision support or accounting, 

Material acquisition &

pre-process Production Distribution & storage     Use         End of life 

        
                                    

          
                 

Product A

Scope 1 & 2 emissions required by Corporate Standard 

Scope 3 emissions required by Scope 3 Standard 

Product life cycle emissions required by Product Standard 

 cope   emissions b  using purchased electricit  in production 

( reen certificates applied in this section)
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which is directly affected by GCs and serves as important role regarding to the goal of 

voluntary GC purchases. As for consequential modelling, Table 5 illustrates that 

whether using GCs or not, it will not change the electricity mix determined by the 

general equilibrium models. 

Table 5. Different purposes and related electricity mixes for consequential modelling regarding 

whether GCs used in LCA or not (Joint Research Centre, 2010) 

Purpose of consequentially modelling   

approach 

 

Scenarios in GCs used in LCA 

 

Decision support 

(analyzing a future situation) 

GOs used in LCA Customers purchasing GCs Electricity mix, which is determined 

using general equilibrium models that 

also need to account for future trade 

with GOs, represents the (long- or 

short-term) electricity mix that is 

being caused by the choice. 

Customers not purchasing GCs 

GOs not used in LCA 

In the Table 6, it shows how to use the attributional approach to calculate electricity 

mix regarding the application of GCs in LCA. For consumers who buy GCs, their 

electricity mix represents the purchased GCs; however, for the rest of the consumers 

who don’t buy GCs, their electricity mix corresponds to the nation's or region's residual 

mix, where the quantity of GCs acquired in relation to a country or region is not 

included. 

Here, it gives detailed scenarios for analyzing existing and future situations. 
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Table 6. Different purposes and related electricity mixes for attributional modelling regarding 

GCs used in LCA (Joint Research Centre, 2010) 

Purpose of attributional modelling 

approach 

 

Scenarios in GCs used in LCA 

Accounting & 

decision support 

（ analyzing existing 

situations) 

Decision support 

(analyzing future 

situations) 

Customers purchasing GCs Electricity mix that 

corresponds to the 

purchased GCs 

 

Electricity mix that 

represents the future 

purchased GCs 

Customers not purchasing GCs Electricity mix that 

corresponds to the 

nation's or region's 

residual mix 

Electricity mix that 

represents the future 

residual mix in the 

country/region, 

considering future 

purchased GCs 

(It’s important to 

model the mix using 

future objectives, 

predictions, etc.) 

For bundled RECs and GOs, it doesn't matter if there is the inability to track electrons 

in the grid. Because the contract ensures a 100% correlation between the electricity 

produced and consumed, allowing the buyer to claim the electricity's source. Thus, in 

LCA, this electricity type can be used for the LCIs of a manufacturing process. 

However, for unbundled RECs and GOs, what we should pay attention to is the 

company side. As the country doesn't pay, it isn't crucial to have a perfect administrative 

system at the national level. Nevertheless, for companies and LCA, knowing the 

electricity source is vital. Even standard financial systems ensure correct delivery and 

energy balance, for LCA standards (see in ISO 22095, Annex B.4.1) relevant to the 

unbundled certificates, however, it points out that the administrative system for 

unbundled GOs and RECs is highly misleading (Sustainability impact metrics, n.d.). 

2.3.1 Environmental Benefit Allocation 

GCs are a useful instrument for assessing and allocating the environmental benefits of 

renewable energy across various stages or stakeholders in LCA and Environmental 
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Benefit Allocation processes.  

Instead of using traditional energy, through purchasing GCs, companies can improve 

their environmental profiles by reporting reduced GHG emissions and other green-

certificate-associated environmental effects.  

 

Figure.11. Use GCs in environmental benefit allocation  

(e.g.CO2 emissions reduction) 

As shown in Figure 11, the attributional LCA approach recommends applying either 

the average residual mix or the emissions related to the specific GCs (e.g. solar power). 

Thus, the net lowered emissions related to a company's choice to buy GCs can be 

calculated by subtracting the total GC emissions from the total Residual Mix emissions. 

2.3.2 Renewable Energy Intensity Indicators (Renewable Energy 

Factor) 

When using GCs in LCAs for carbon emissions and other environmental impacts 

associated with electricity consumption, it is appropriate to use the Renewable Energy 

Factor (REF), which is defined by ISO/IEC 30134-3. This allows the company to 

observe how variations in the quantity of GCs acquired impact the REF and the overall 

Residual mix Green certificates

Net reduced corporate/product emissions choosing to buy GCs

Emissions originating from the particular electricity production from Green certificates
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LCA outcomes (ISO, 2018b). 

REF is the ratio of renewable energy (RE) used to total energy consumption in data 

centers as shown in Formula (1) & Formula (2): 

 

For the general situation,          

                                                   𝑹𝑬𝑭 =
𝑬𝐫𝐞𝐧

𝑬𝐃𝐂
   

                                               Formula (1) 

𝑬𝐫𝐞𝐧: “the renewable energy in kilowatt hour (kWh) owned and controlled by a data 

center (i.e. any energy for which the data center owns the legal right to the 

environmental attributes of renewable generation)” 

𝑬𝐃𝐂: “the total data center energy consumption (annual) in kWh” 

For more specific situations, 

                    𝑹𝑬𝑭 =
∑  𝒏
𝒊=𝟏 (𝑬DC grid-used i⋅

𝑬ren i
𝑬tot i

+𝑬DC ren onsite i+𝑬DC ren cert i)

∑  𝒏
𝒊=𝟏 𝑬DC i

  

                   Formula ( ) 

𝑬DC grid-used i  — “the energy provided from the grid and consumed in a data center 

during the period of time i (kWh)” 

𝑬ren i

𝑬tot i
  — “the renewable energy portion of the grid power (provided by the energy 

supplier) in the period of time i” 

𝑬DC ren onsite i  — “the renewable energy generated on-site and consumed in the data 

center in the period of time i (kWh)” 

𝑬DC ren cert i — “the renewable energy obtained by procurement of RECs and retired in 

the data center in the period of time i (kWh)” 

𝑬DC i — “the total data center energy consumption in the period of time i (kWh)” 

n: “the number of intervals” (ISO, 2018b) 

 

Once calculating the results of REF, by using LCA model to conduct sensitive analysis, 

it gives decision-makers the ability to see the impact of varying the proportion of 
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renewable energy on the overall environmental performance of a product and improve 

the sustainability of your products.  

2.3.3 Environmental Claims and Labeling 

When making environmental claims or do labelling with zero emissions, it is inevitable 

for companies to use proofs like GCs along with systematical tools like LCA to provide 

the governments and society strong credibility. 

⚫ Using R Cs to Make Renewable  nergy Usage Claims 

To claim for using renewable energy, companies must follow a process involving RECs, 

as each REC represents a MWh of renewable energy produced. For the percentage of 

renewable energy usage, it depends on the ratio of retired RECs to purchased energy 

(Serrurier, 2020b). For instance, if a company buys and retires enough RECs to match 

the energy they've purchased, they can claim “using 100% renewable energy”. 

Otherwise, maybe it is “60% renewable”, “45% renewable”, etc. 

⚫ Using R Cs to Make Carbon  mission Claims 

As Serrurier (2020b) mentioned, a Renewable Energy Certificate (REC) allows you to 

offset a MWh of emissions-causing electricity with a MWh of zero-emissions 

electricity to meet your goals.  

By using GCs to offset their electricity consumption, companies can make legitimate 

claims about reducing their Scope 2 emissions. This is important for meeting internal 

sustainability targets and public commitments to reduce GHG emissions. 

However, RECs can only be used to reduce Scope 2 emissions (those from purchased 

electricity), not Scope 1 emissions (direct emissions from your company) or Scope 3 

emissions (indirect emissions from suppliers or consumers).  

2.3.4 Policy Compliance and Reporting 

In Table 7, it shows a summary of some related regulations and guidelines for 



Overview of GCs and LCA 

 

23 

organizations to comply with in order to use GCs in LCA or environmental reporting. 

For instance, complying with ISO 14064, companies can use GCs for accurate reporting 

of GHG emissions and removals and environmental reporting. 

Table 7. Standards and guidelines providing the framework for incorporating GCs into LCA and 

environmental reporting 

(Greenhouse Gas Protocol, 2004; Greenhouse Gas Protocol, 2015; ISO, 2018c; 

Document 32021H2279; Carbon Disclosure Project, n.d.; Global Reporting Initiative, 2021) 

Standard/Regulation GCs in LCA/ nvironmental Reporting 

GHG Protocol Corporate Standard ➢ Approve the use of RECs for reporting 

reduced Scope 2 emissions. 

Scope 2 Guidance ➢ Provide criteria and guidance for using GCs 

to account for and report Scope 2 emissions 

using market-based methods. 

ISO 14064-1:2018 ➢ Allow organizations to include GCs into 

their environmental reporting and LCA. 

➢ Include provisions for using GCs in GHG 

inventories. 

Product Environmental Footprint (PEF) 

Guide 

➢ Permit the use of GCs to show how 

renewable energy was used throughout the 

life cycle of the product. 

Carbon Disclosure Project (CDP) ➢ Encourage businesses to use GCs and reveal 

their purchases of renewable energy in their 

environmental reports. 

➢ Give businesses a platform to use market-

based accounting, including GCs, to report 

their Scope 2 emissions. 

Global Reporting Initiative (GRI) ➢ Provide framework for disclosing emissions 

reductions and renewable energy use using 

GCs. 
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3. Literature Review  

3.1 Limitations and Challenges of GCs 

When considering the dilemma of GCs, there are many limitations (e.g. market 

instability). However, market regulators should prioritize addressing the uncertainty in 

TGC markets with respect to both market and policy risk (Boomsma et al., 2012; 

Boomsma and Linnerud, 2015). The common limitations associated with GCs are the 

following: 

⚫ Market Instability 

The supply and demand of GCs in the certificate trading market are unpredictable. For 

one reason, variations in the overall amount of power consumed cause fluctuations in 

the demand for certificates. For another, the production of renewable power determines 

the supply, and weather has a major influence on renewable energy sources like wind 

energy. According to Amundsen et al. (2006), there is an annual variation in wind power 

generation in Denmark of up to ±20%, with a standard deviation of roughly 10%. 

Accordingly, these modifications may have a big impact on the market's expectations 

for certificate prices (Hustveit et al., 2017). 

⚫ The Absence of Binding National Targets 

As reported by Karakosta and Petropoulou (2022), the 2008 Renewable Energy 

Directive of the European Union set a mandatory goal of 20% renewable energy by 

2020, along with specific state targets. However, the updated directive does not impose 

any binding national targets. Instead, it just establishes a 32% overall target by 2030. 

This change is potential to harm national incentives and the EU's goal of renewable 

energy. Given that, international electricity market links through the profits of 

international electricity suppliers, pollution damage, and TGC market pricing, may 

have an impact on foreign welfare and result in underregulation by national authorities. 

Besides that, Karakosta and Petropoulou (2022) also pointed out that integrated TGC 
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markets may lead to inefficiently low national targets even though they can produce 

beneficial externalities. On the other hand, unrestricted international trade in electricity 

can match national goals with ideal levels. These issues underscore the challenges of 

relying on GCs to meet renewable energy targets. 

⚫ Public/Private Nature of the Certifier Chosen and  xport Restriction Set by 

Countries 

According to the research by Hulshof et al. (2019), export restrictions and the 

public/private character of the certifiers that nations select can have an impact on a 

certificate market's success. Their study revealed that, for instance, the only nations that 

have private certifiers at the moment or in the past are France, the Czech Republic, and 

Portugal. Furthermore, Mahenc (2017) noted that, in contrast that public certifiers often 

place a higher priority on social welfare than do businesses, commercial certifiers may 

be more inclined to fraudulently classify grey electricity as green in order to boost their 

earnings. Therefore, customers might have less faith in private certifiers, which would 

lower demand for GCs. Meanwhile, Hulshof et al. (2019) also mentioned that export 

restrictions on GOs imposed by individual nations (such as Austria's ban on exports 

from state-sponsored generators) may also have an impact on the EU's efforts to 

promote an integrated certificate market that mandates the acceptance of imported GO 

certificates by member states.  

⚫ Non-transparent, Illogical and Incomplete Reporting of Data 

The certificate market is plagued by inaccurate, irrational, and opaque data reporting. 

Although quantity data of certificates is available via the AIB, price data is kept private 

since trades are made bilaterally or through brokers. Hulshof et al. (2019) found many 

certification data with such problems in their study.  

- In Croatia, the first certificates were issued and imported in 2015, but they were 

cancelled and expired in 2014.  
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- The AIB database does not include non-tradeable GOs issued by Sweden or 

Austria; also, some items in the database are irrelevant, such as one for the UK that 

refers to RECS certificates, a voluntary program that was formerly overseen by the 

AIB. 

⚫ Inconsistency within  U Rules 

In addition to the difficulties previously noted, Hamburger's (2019) paper additionally 

emphasized significant inconsistencies in EU regulations. Under the Renewable Energy 

Directive, EU member states need to meet their renewable energy targets by 2020 

without bans on exporting GOs. On the one hand, to better complete this task, it is 

beneficial and easier for EU member states to use GOs to exchange electrical attributes, 

also giving consumers information access on the amount of electricity they use. On the 

other hand, the unregulated export of GOs could potentially distort the market's image 

of member states' real efforts towards the development of renewable energy. Given that, 

international GO trades are explicitly excluded from reaching the 2020 targets by 

Regulation No. 1099/2008, and GOs are not included in official energy statistics as 

stated in Article 15(2). In this way, official statistics or national energy compositions 

are not changed by customer preferences for renewable electricity. And also, official 

statements might contain contradictions even after suppliers provide information, 

especially when GOs are sold internationally. Therefore, the validity and integrity of 

information released regarding renewable energy contributions are threatened by this 

disparity, which could weaken public confidence in the member states' real renewable 

energy mix. 

⚫ Oversupply of Issued Certificates 

Constant oversupply is a common challenge in the certificate market. Many issued 

certificates aren't used to claim renewable electricity consumption. Hamburger (2019) 

also noted that in his research, based on Figure 12(a) and 12(b), he illustrated the export 

and import of GOs among AIB countries. Figure 12(a) shows the number of GOs 
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exported and the proportion of GO surplus which is over physical energy flows, while 

Figure 12(b) presents similar data for imports. For example, Norway stands out for 

having the largest volumes of both exported and imported GOs, with a significant share 

of GO surplus in both directions. Specifically, 90.08% of exported and 94.86% of 

imported GOs exceeded actual physical electricity flows. Notably, Norway accounted 

for 50.03% of all exported GOs to 19 countries. This data supports the findings of Hast 

et al. (2015) and Mulder & Zomer (2016), indicating that Norwegian GOs substantially 

saturate the market. 

(Fig.12a.) 
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(Fig.12b.) 

 

Fig.12. GO export/import and share of GO surplus in export/import to other AIB countries 

(Hamburger, 2019) 

(Fig.1 a.)  O export and share of  O surplus in export to other AIB countries 

(Fig.1 b.)  O import and share of  O surplus in import to other AIB countries 

⚫ Inaccurate Residual Mix Calculation 

The Residual Mix of a country's electricity grid, which accounts for the energy 

composition after subtracting consumed GOs and RECs, presents significant challenges 

in the context of GCs. This mix represents the default electricity supply for consumers 

not purchasing GOs or RECs. However, accurately calculating the Residual Mix is 

problematic due to the inherent delays in the trading systems of GOs and RECs. GOs 

can be traded up to a year after production, while RECs can be traded up to 21 months 

post-production. This time lag, coupled with the variable nature of renewable energy 

sources like solar and wind, and the irregular issuance of unbundled hydropower GOs, 

leads to substantial discrepancies. Consequently, it is mathematically unsound to 



Literature Review 

 

29 

combine data from these different trading periods, rendering the Residual Mix 

unreliable for precise applications such as LCA. These challenges highlight the need 

for improved synchronization and transparency in GC trading to enhance the accuracy 

of the Residual Mix (Sustainability impact metrics, n.d.). 

⚫ Greenwashing with Cheap Renewable Certificates 

According to Sustainability Impact Metrics (n.d.), big corporations often use unbundled 

RECs and GOs, which are not linked to the actual electricity used, because they are 

flexible and can be spread across various locations in the USA and EU. These 

certificates are much cheaper than the cost of producing electricity, with RECs costing 

$0.3-$1.2/MWh and GOs costing €0.1-€2.35/MWh due to an oversupply from 

hydropower (as shown in Figure 13). So, companies can buy cheap electricity from coal 

and then greenwash it with inexpensive GOs, misleadingly presenting themselves as 

environmentally friendly. Non-Governmental Organizations (NGOs) also argue that 

this undermines efforts to reduce GHGs since buying GOs is cheaper than making real 

improvements to reduce a company's carbon footprint. This practice poses a 

reputational risk for corporations. 
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(Fig.13a.) 

 

(Fig.13b.) 

 

Fig.13. The average prices of unbundled RECs and GOs (Serrurier, 2020a; Serrurier, 2020b) 

(Fig.13a.) The average unbundled ‘voluntar ’ REC prices during  01  –  018 (U $/MWh) 

(Fig.13b.) The average  O prices of AIB during  0 0 (Euro/MWh) 
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3.2 Challenges of GCs Used in  nvironmental Assessment 

3.2.1 Double Counting 

Assessing environmental impacts and counting GHGs in grid electricity consumption 

involves using GCs like GOs to certify specific energy types. There are two main 

methods used: 

• Location-based method: It uses regional average emission factors based on the 

electricity mix of all facilities in an area. 

• Market-based method: This relies on contractual agreements (e.g. GC for 

renewable energy, to verify claims on electricity from specific sources) (ISO, 

2018a). 

Inconsistent use of these methods in LCA and GHG accounting can lead to double 

counting. This occurs when both market-based certificate purchasers and location-

based grid users claim the same renewable energy, potentially underestimating 

environmental impacts, especially for low-impact sources like RES. For instance, 

research by Holzapfel et al. (2023) illustrated that in a hypothetical region where 25% 

of electricity is from RES and the rest from sources like fossil fuels or nuclear (grey 

electricity), using different methods can result in double counting. If one group claims 

all RES electricity, while others use a different method, up to 43.75% of RES electricity 

could be counted, causing overestimation. This scenario is illustrated in Figure 14. 
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Fig.14. Illustration of challenges of double counting electricity from specific energy sources due 

to a parallel application of location-based and market-based electricity accounting method, based 

on a hypothetical region (Holzapfel et al., 2023) 

Electricity Disclosure 2018 (2021) found that the difference between the administrative 

distribution of GOs and the actual amount of electricity used results in double counting 

in Norway's green certifications. Only 15% of Norwegians buy GOs, despite the fact 

that 98% of Norway's electricity is produced by hydropower.  The reason for the 

behavior is that they presume their purchased electricity is already green. As a result, 

hydro power plants can profit even more by selling the majority of GOs to other 

European nations.  

For this situation, double counting arises. Although Norwegians physically use 

renewable electricity, Europeans are the ones who claim the environmental credits 

(GOs). Then, in order to account for exported GOs, the administrative system modifies 

Norway's electricity mix, misleadingly indicating a greater domestic use of fossil fuels. 

Hence, despite their actual usage of fossil fuels being lower, the administrative residual 

mix shows that Norwegians utilize 50% fossil electricity. As a result, the green benefits 

of Norwegian hydropower are double counted: once physically in Norway and once 

administratively in Europe. 

In North America, the double counting issue is also very problematic. Since there is no 

central repository of trustworthy data covering all voluntary RECs traded in North 
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America, there are significant barriers to develop residual grid mixes, compared to 

country-specific residual grid mixes that monitor GOs as reported in Europe. 

There are a few LCI databases (e.g. ecoinvent) that are now available for grid modelling 

in North America to provide production and consumption mixes. However, these 

electricity mixes don’t exclude contractual instruments (such as RECs) that are sold to 

and claimed by voluntary consumers and others. If companies use RECs and these 

electricity mixes at the same time, it will result in double counting (Boguski et al., 2023). 

3.2.2 Data Validity 

Speaking of the GC used for companies, it seems like that the reality isn’t as perfect as 

the final environmental reporting shows. In the article of Bjørn et al. (2022a), the 

problems related to the verifiability of what data represents about the GHG emission 

reduction is highly emphasized as it is untrustworthy. 

For the bundled GCs, it can be used as the reliable source since firms receive the 

renewable electricity together with the certificates. However, when it comes to 

unbundled GCs, as separated with physical electricity, purchasing this type of GCs 

exaggerate the real reduction of GHG emission (Brander et al., 2018; Bjørn et al., 

2022b). The company can’t make sure that the same quantity of reduction expressed by 

the unbundled GCs truly take places in the renewable energy projects. In order to show 

how much possible ineffectiveness of emission reduction represented by RECs, here, 

the following Figure 15(a-c) simulate three scenarios for a company with only one site 

in the time range of consecutive three years to do its annual accounting of GHG 

emissions. The first year, the company only purchases electricity from local grid 

without any GCs. Then, the second year comes with purchasing bundled GCs. In the 

third year, both bundled and unbundled GCs are bought by the company to reduce its 

GHGs emissions.  

At a given site and year, the company calculates its GHG emissions using market- or 

location--based accounting method. 
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⚫ Market-based accounting 

𝐄𝒎𝒃,𝒔𝟐 = 𝐂𝑮𝑪 × 𝐄𝐅𝑮𝑪 + (𝐂 − 𝐂𝑮𝑪) × 𝐄𝐅𝒓𝒆𝒔 

𝐄𝒎𝒃,𝒔𝟐 — market-based (mb) scope 2 (s2) emissions 

𝐂𝑮𝑪 — electricity consumption covered by GCs 

𝐄𝐅𝑮𝑪 — emission factor of GCs 

(𝐂 − 𝐂𝑮𝑪) — uncovered electricity consumption 

𝐄𝐅𝒓𝒆𝒔 — emission factor of residual mix 

⚫ Location-based accounting  

𝐄𝒍𝒃,𝒔𝟐 = 𝐂 × 𝐄𝐅𝒎𝒊𝒙 

𝐄𝒍𝒃,𝒔𝟐 — location-based (mb) scope 2 (s2) emissions 

𝐄𝐅𝒎𝒊𝒙 — average emission factor for the grid mix 

Table 8 lists the result of these three scenarios, from 3200, 1500, to 860 tCO2eq/year 

respectively under market-based accounting, and from 3200, 2400, to 2400 tCO2eq/year 

respectively under location-based accounting. And in the Figure 16(b), it clearly shows 

the huge gap under the impact of the unbundled GCs brings into the GHG emission 

reduction, compared to Year 1. On the facts that the unbundle certificates are not 

verifiable, it is most likely to overestimate their represented reduction of GHG 

emissions. Meanwhile, bundled certificates as well as similar instruments like power 

purchase agreements (PPAs), are really plays a solid role in reducing emissions. 

In the Figure 16(a) depicting the location-based method, as seen, there’s emission 

reduction based on the change in the proportion of renewable energy in the total grid 

mix without worrying about inaccuracy and relevance brought by the double counting. 

Brander et al. (2018) even recommended that market-based accounting should be the 

only way to do the scope 2 emission to keep the high data validity. 

 



Literature Review 

 

35 

(Fig.15a.) Year 1 

 

(Fig.15b.) Year 2 

 

(Fig.15c.) Year 3 

 

Figure.15. Three scenarios of one certain company’s electricity consumption 

(Fig.15a.) Year 1 — Compan  without purchasing an   Cs; 
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(Fig.15b.) Year   — Compan  with purchasing bundled  Cs; 

(Fig.15c.) Year 3 — Compan  with purchasing bundled and unbundled  Cs. 

Table 8. Market- and location-based emissions for a company with one site in the given year  

Year 

 missions 

1 2 3 

Market-based 

accounting 

(tCO2eq/year) 

3200 1500 860 

Location-based 

accounting 

(tCO2eq/year) 

3200 2400 2400 

 

(Fig.16a.)  
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(Fig.16b.)  

 

Fig.16. Market- and location- based accounting for annual CO2eq emissions and their relevant 

reduced CO2eq emissions compared to the base year (Year 1) 

(Fig.16a.) Location-based accounting for CO eq emissions and reduced CO eq emissions 

compared to the base  ear (Year 1) 

(Fig.16b.) Market--based accounting for CO eq emissions and reduced CO eq emissions 

compared to the base  ear (Year 1) 

3.2.3 Methodological Differences 

Although the ISO 14040 series standards are frequently cited and provide LCA 

practitioners with extensive guidelines, they also result in a great deal of freedom in 

LCA practice.  

According to a study by Brandão et al. (2024), most respondents to a poll about their 

experiences with LCA felt that there was no one right way to do an LCA and that the 

ISO 14040-44 standards didn't go far enough in guiding LCA practices.  

To enhance uniformity, the European Commission has launched initiatives like the 

Environmental Product Declaration (EPD) and the Product Environmental Footprint 

(PEF) (European Commission, n.d.-a), each of which lays out specific requirements. 

Revised in December 2022, the PEF method is thought to be more comprehensive than 

ISO standards, but it is also criticized for having regulations that vary depending on the 
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product category, not aligning with international standards, having excessive 

requirements, arbitrary system boundaries, and unhelpful accounting rules. EPDs also 

have reported issues, such as inconsistencies in biogenic carbon treatment, end-of-life 

stages, allocation, and electricity modelling (ISO, 2006d; Brandão et al., 2022; Brandão 

et al., 2024). 

3.2.4 Market and Policy Influences 

As TGCs were introduced in many nations (such as Canada, India, the United States, 

the United Kingdom, etc.), there have been encountering market inefficiencies and 

regionally distinct renewable power development (Barbose, 2023; Spataru & Arcuri, 

2017). There are different types of GCs active in the worldwide, as Table 9 shows the 

different trading modes and relative policies in EU, U.S. and China (Jia et al., 2023). 

From Figure 17(a) and 17(b), in Africa, for countries like Ethiopia and Democratic 

Republic of Congo, hydropower takes a large share of the national electricity generation. 

Meanwhile, the U.S. are one of the countries where wind contributes a lot to the total 

electricity generation (Ritchie et al., 2024). In the trade of TGCs, the homogeneous unit 

price for different renewable energy makes the market system not function well as 

expected, since the investors seek for the lowest-cost renewable energy, which impairs 

the steady development of renewable energy. For example, offshore wind farms (OWFs) 

are currently the cheapest form of new energy projects in Europe (Bhattacharya & 

Kammen, 2024). If a large amount of OWFs is invested, however, the weather can 

heavily affect this type of energy, possibly leading to the market from oversupplying to 

overdemanding of TGCs. In this way, the TGCs become no reliable for customers to 

purchase and use in their environmental claims. 
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(Fig.17a.) 

 
(Fig.17b.) 

 
Fig.17. Share of electricity production from different RES globally in 2023 

(Ritchie et al., 2024) 

(Fig.17a.)  hare of electricit  production from h dropower globall  in  0 3 

(Fig.17b.)  hare of electricit  production from wind power globall  in  0 3 
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To handle the imperfect trading operations, research by Zhang et al. (2019) indicates 

that the benchmark price of TGCs and conversion coefficients of different renewable 

energy generation technologies are important system quasi-parameter to focus in TGC 

market.   

Table 9. Comparison of trading modes and relative policies between EU, China and U.S.  

(Jia et al., 2023) 

  U China U.S. 

Trading types unbundled 

transaction 

Bundled and 

unbundled 

transaction 

Bundled and 

unbundled 

transaction 

Relative policies Unbundled RECs, 

power purchase 

agreements, etc. 

GOs, an official 

system with quota 

requirements and 

sanctions, etc. 

GEC and quota 

obligations 

3.3  xisting Standards and Practices for GCs Used in LCA 

As mentioned before in chapter 2.3.4, the main standards related to GCs and LCA are 

ISO 14040-14044 and Greenhouse Gas Protocol (especially for scope 2 guidance), etc. 

In the Table 10, some standard directly mentions the application of GCs in LCA like 

ISO 14064-1:2018, others are more related to the general use of LCA to environmental 

impact of products/services/companies, while possibly incorporating GCs in their 

assessment processes. 

Besides these standards, one of the most common practices for the use of GCs in LCA 

is Environmental Product Declarations (EPDs). Others like Corporate Sustainability 

Reporting (as shown in Table 10) or Science Based Targets initiative (SBTi) allows 

companies to use GCs to claim the use of renewable energy, which can be backed by 

LCA.  
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Table 10. Some existing Standards and Practices for GCs Used in LCA 

(ISO, 2006a; ISO, 2006c; ISO, 2006d; ISO, 2018a; ISO, 2018c; BSI, 2019; Greenhouse Gas 

Protocol, 2004; Greenhouse Gas Protocol, 2015; The International EPD® System, n.d.; European 

Commission, n.d.-b) 

Standard Relevant content 

ISO 14025 

➢ Details principles and procedures for 

developing EPDs, which can include 

GCs. 

ISO 14040 
➢ Provide principles and framework for 

LCA. 

ISO 14044 

➢ Specify requirements and guidelines for 

LCA, including data collection and 

impact assessment. 

ISO 14064-1:2018 

➢ Allow organizations to include GCs into 

their environmental reporting and LCA. 

➢ Include provisions for using GCs in GHG 

inventories. 

ISO 14067 

➢ Specify principles and guidelines for 

quantifying and reporting the carbon 

footprint of products, which can include 

GCs. 

EN 15804 

➢ Establish standards for making EPDs of 

construction products, which can 

incorporate GCs. 

GHG Protocol 

➢ Offer standards and guidance for 

quantifying and reporting GHG 

emissions, including guidelines for 

accounting for GCs. 

Practice Relevant content 

Environmental Product Declarations ➢ Use renewable energy covered by RECs 

in EPDs and adhere to relevant 

regulations such as ISO 14025. 

Corporate Sustainability Reporting ➢ Report the use of renewable energy and 

related environmental benefits while 

conforming to criteria like ISO 14064 and 

the GHG Protocol. 

3.4 Research Gaps 

In the relevant literature, some researcher mentioned about the incompleteness and 

inconsistency of relevant standards or regulations (Hamburger, 2019; Brandão et al., 

2022; Brandão et al., 2024), some argued that the instability of  TGC market impairs 
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the whole trading system (Boomsma et al., 2012; Boomsma and Linnerud, 2015; 

Hustveit et al., 2017), others analyzed about the dilemma in GHG quantification related 

to GCs or the LCA methods used in environmental reporting (Holzapfel et al., 2023). 

Among all of the researches, while many people point out the two main issues in this 

field (one is double counting, the other is verifiability of unbundled GC), not a single 

paper proposes a comprehensive framework on how to standardize the use of GC in 

LCA based on the perspective from regulations, market operations to the calculation 

method. On the other hand, there are no stand-alone standards and regulations 

specifically entered around the use of GCs in LCA. For example, in the report by 

Boguski et al. (2023), it mentions that despite of the existing standards like ISO 14064 

and GHG Protocol, in North America (U.S. and Canada), they still lack the consensus 

to regulate the integration of RECs into product-level LCA when conducting carbon 

footprints and EPD reporting. This paper aims to give a relative complete analysis of 

the GC and it use in LCA, meanwhile providing a standard proposal and policy 

recommendations to handle the issues being faced today. 
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4. Proposals for Standardization  

4.1 Background of Standardization 

The main reason to do standardization for applying GCs in LCA is to verify unbundled 

GCs’ additionality and validity. Many businesses buy unbundled RECs to meet their 

legal responsibilities for the usage of renewable energy and to lower their GHG 

emissions. In fact, though, these certificates do not guarantee the underlying power 

source (renewable or not). In contrast, the firm employing bundle certificates can claim 

"additionality" by acquiring the anticipated energy. It is because bundled RECs are 

often gained from new construction projects. In order to ascertain whether GCs 

accurately represent a company's contribution to the long-term, sustainable expansion 

of renewable infrastructure, it is essential to confirm the genuine use of revenues from 

consumers purchasing unbundled or bundled RECs. For example, having a long-term 

purchase agreement with a new or used renewable device may be most additional. Only 

in this way can it improve the validity and accuracy of LCAs when evaluating the 

environmental impact of business activities (LCAs). 

Table 11. Potential scenarios to handle double counting and validity issues 

Scenarios for accounting double 

counting? 

validity issues? Other issues 

All the companies apply location-

based method  

No No ➢ Deter companies 

from improving the 

development of 

renewable energy and 

resulting decrease of 

emissions, by 

restrictions against 

GCs. 

All the companies apply market-

based method with mandatory 

demonstration of additionality  

No No ➢ Proving additionality 

remains challenging 

and obscure.  

➢ Inaccurate to claim a 

renewable energy 

source by using GCs. 
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Given the study by Bjørn et al. (2022a), here Table 11 list the potential two ways to 

avoid double counting and increase validity of emission reduction represented by GCs. 

When just one emission factor is permitted per region (e.g., national level) and per time 

period (e.g., annually), achieving consistent location-based accounting is simple. Then, 

for that period of time, this one emission factor can be applied to all processes in the 

region that consume electricity. 

But if emission factors with different temporal and spatial resolutions are allowed, then 

an accounting system must be set up. According to Holzapfel et al. (2023), this system 

should guarantee alignment between various resolutions of the electrical mix, 

minimizing potential inaccuracies in assessing the environmental impacts connected 

with energy and preventing double counting. Businesses need to make sure that the 

RECs they buy to offset the cost of electricity come from the same market as the 

electricity they use. To preserve integrity and avoid deception, the use of green power 

in operations should be in line with the nation's electrical market (Camacho, 2020). 

4.2 Framework for Standardization  

Despite Brander et al. (2018) slashed on market-based method which specifically aims 

at the GHGs accounting for instruments like GCs, it will still be the common approach 

for the corporate to apply in their GHG disclosure reporting when purchasing the 

certificates for carbon emissions reduction. 

Based on what has been studied on above, here gives a basic procedure (use GOs as 

the following example) including from the recording of generated renewable energy, 

transaction of GCs, selection of the GCs before doing LCA, to the use of GCs in LCA 

and the final checking of the results. 

4.2.1 Before and During Trading 

1) Build a reliable GCs generation system  

According to Karakashev et al. (2020), it is essential to set up a comprehensive 

system to make sure the generation of reliable, trustworthy and efficient GCs, 
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meanwhile guaranteeing the avoidance of double trading of GCs. As an example, 

a four-component system is shown in Figure 18. 

 

Fig.18. A recommended system for ensuring the reliability of GCs 

⚫ Smart meters 

Through this tool, it will be no longer complicated for power plant or electricity 

supplier to ask for accreditation, since it is automatically done by the smart meters. 

Besides the anonymous trading, a trustworthy link is used to connect smart meters 

to a renewable energy source. Inside these smart meters locates trusted computing 

base (TCB) where hardware trust is fundamentally derived.  

⚫ DLT (Distributed Ledger Technology) 

GCs are stored in DLT (e.g. block chain) where prevents from their falsification 

and double selling.  

⚫ Trading platform 
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The trading platform collects the GCs from each smart meters and stores them in 

DLT, then starts trading. 

⚫ Client application 

Clients buy, sell, and redeem RECs by interacting with the trading platform using 

client applications. 

4.2.2 Before Retiring GCs and Using LCA 

1) Determine the RE annual usage in the company level. 

Consider both on-site and off-site renewable electricity to determine the renewable 

electricity annual usage and the number of GCs that should be retired. The amount 

of electricity generated and used should be matched by the use of GCs. Meanwhile, 

for on-site renewable electricity, relative registered GCs cannot be used for the 

facilities or products of the company if the electricity is sold to a third party or is 

not consumed on site and fed into the grid.  

When conducting reports, this matching is usually done annually, however 

recommendations from government agencies or certification bodies may utilize a 

different schedule. Future needs can also demand a new basis, like hourly matching. 

In Table 12, here lists three common situations for companies using renewable 

electricity. 

Table 12. Three scenarios of companies using renewable electricity 

Company Type 

 

Renewable electricity type 

A B C 

On-site  Yes No Yes 

Off-site Yes Yes No 

2) Checking the types of GCs 

Bundled certificates are prior to unbundled certificates. Bundled certificates are 

more preferable to use as the input data in LCA. 
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3) Classify GCs by company region and market boundary (geographic matching) 

Given the location where the firm are, only select the certificates issued under the 

same region as the company (better in the same country), however, for other similar 

instruments out of the GC market boundary are abandoned and not allowed for the 

use in reporting environmental impacts or carbon disclosure (e.g. A local French 

company use GOs, and not allowed for using RECs from North America or Green 

Electricity Certificate (GEC) from China, etc.). 

4) Checking GCs by temporal matching 

Given the issues of inherent delays in the trading systems of GOs and unbundled 

RECs (e.g. trading even before relevant production of renewable energy), only 

select the GCs issued before they expire and achieve the real generation before or 

during being traded in market. 

4.2.3 When Using LCA 

1) Identify research objects (e.g. companies, facilities and products). 

2) Choose attributional LCA approach to do environmental reporting or claims (e.g. 

EPD). 

3) Make sure the uniform market-based accounting for Scope 2 emission in the whole 

market. It is necessary to have a single approach for electricity accounting in order 

to prevent double counting of electricity from specific sources. 

4) Use reliable data base for residual mix and relevant emission factors. Especially 

for the residual mix, it is better to calculate only considering the total electricity 

generation within the country, excluding import and export of GCs. For example, 

in regard to GOs, even there’s average EU mix data, it is not reliable to use it in 

the firm reporting for scope 2 emissions. 

5) Model CO2 emissions from electricity covered by GCs and by residual mix.  
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4.2.4 After Using LCA 

1) Transparent reporting 

It covers the openness with which the businesses or organizations report using REC 

Source. Stakeholders seek confirmation that investments are making a genuine 

difference, underlining the need of openness in sustainability reports. For instance, 

the business needs to be open and honest about where RECs come from and how 

they were acquired ᅳ whether it was via a direct purchase or a power purchase 

agreement. 

2)  lectricity balance sheet  

In the LCA final report, there must include an electricity balance sheet that lists the 

total amount of electricity used as well as the distribution of GCs among the 

facilities, products, and life cycle stages covered by the EPD (an example shown 

in Table 13).  

Table 13. Electricity balance sheet  

(Boguski et al., 2023) 

Data category Data field Definition 

Record# A numbered list for each unique renewable 

allocation to a given product 

Company and 

manufacturing 

facility 

information 

Company name The name of the company that owns the product 

Facility name The facility at which the product is manufactured 

Locale The town/city/village where the manufacturing 

facility is located 

State/province The state or province where the manufacturing 

facility is located 

Country The country where the manufacturing facility is 

located 

Production 

volume 

Product ID A unique product ID 

Product name The trade name of the product as it is declared in the 

EPD 

Unit The declared unit as it is required by the PCR 

 uantity The total production volume for the specified year 

Start date The start date for which the total production volume 

is considered 
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 nd date The end date for which the total production volume 

is considered 

 lectricity 

consumed 

Life cycle 

module 

The life cycle module stage at which the electricity 

is being consumed 

k h The total amount of electricity consumed at the 

given module that is allocated to the stated product 

produced at the stated facility 

k h/unit The amount of electricity consumed per declared 

unit 

Grid region The regional grid name where the electricity is 

assumed to be consumed 

Renewable 

electricity 

(R ) allocated 

Registry/serial# The registry/serial number of the given amount of 

RE procured and allocated to the specified 

production volume 

Purchasing 

organization 

The organization that purchased the procured RE 

Source type The type of RE contractual instrument 

Grid region The regional grid mix where the RE is generated 

k h allocated The amount of RE allocated to the specified 

production volume 

Generation time 

window 

The start date when a portion the stated RE was 

generated 

The end date when the stated RE was generated 

Meets time 

threshold? 

A temporal threshold test to see if RE generation 

start and end date fall within the acceptable range 

relative to the production volume start and end dates 

R ≤ consumed? A RE quantity threshold test to see if the RE 

allocated to the production volume is less than or 

equal to the total electricity consumption allocated to 

the production volume 

k h per 

product unit 

(1) R  per unit The amount of RE allocated to a declared unit of the 

given product for the specified life cycle 

module/stage 

(2) Residual per 

unit 

The amount of residual grid electricity allocated to a 

declared unit of the given product for the specified 

life cycle module/stage 

(1) + (2) = Total 

per unit 

A check to see that (1) + (2) is equivalent to the total 

amount of electricity consumed per declared unit at 

the given module that is allocated to the stated 

product produced at the stated facility 
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3) Renewable energy certificate details  

Renewable energy certificate details should also be included in the LCA 

background report (example sheet shown as Table 14) 

Table 14. Renewable energy certificate details sheet  

(Boguski et al., 2023) 

Parameter Unit Value 

Renewable generator project name   

Tracking system ID (unique generator ID)   

Renewable facility/generator owner   

Renewable facility/generator location Country/ province  

Project vintage (build date) Year  

Project generation date (year first produced 

renewable energy) 

Year  

Nameplate capacity of project MW  

Certificate type   

Certificate unique ID   

Month and year of renewable energy 

generation 

Month / year  

Month and year certificate issued Month / year  

Utility to which the project is interconnected   

4) Comparison analysis 

Compare the gaps between the results among unstandardized and standardized 

LCA with regard to GCs. Usually, it comes with several scenarios (depends on the 

actual situation of companies), which mainly focus on the improvement by degree 

of credibility brought by standardized unbundled GCs.  

Here shows an example of four scenarios: 

❖ No use of GCs to claim green electricity consumption 

❖ Only use bundled GCs to claim green electricity consumption 

❖ Use both bundled and unbundled GCs to claim green electricity consumption 

(N.B. without standardization procedures) 

❖ Use both bundled and unbundled GCs to claim green electricity consumption 

(N.B. with standardization procedures) 
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Based on the scenarios or the plans carried out, in the following two aspects show the 

example on how to report the improvement. 

➢ Analyze the gaps among the CO2 emissions results and the effectiveness to 

recognize the invalid and the valid certification with comparisons.  

➢ Use bar graph or plot graph to reflect the difference. 

4.3 Policy and Regulatory Recommendations  

4.3.1 Enhanced Governance and Oversight 

Rigorous REC certification, rules on the exact structure of renewable energy claims, 

and retirement of RECs prior to claims are a few ways to improve governance. For 

instance, in order to maintain credibility and avoid double counting, businesses should 

obtain verified RECs assessed by third parties, such as Green-e, a well-known 

certification program in North America. In this way, there will be a higher level of trust 

among the parties involved and credibility for the assertions being made (Camacho, 

2020). Furthermore, when making renewable energy claims, companies must specify 

the exact percentage of renewable energy used as well as the type of renewable energy 

(such as solar or wind), like "60% of our manufacturing facilities are powered by solar 

energy". 

4.3.2 Policy Recommendations 

As one of the main relevant standards, GHG protocol really stands out for the use of 

GCs in corporate reporting about carbon emissions or other environmental claims. 

Nevertheless, many NGOs (e.g. Greenpeace), do not support the use of GCs for the 

reasons that these instruments cannot guarantee the integrity, transparency and 

additionality of the generation of renewable energy (Martins, 2023). For GHG protocol, 

it needs to reconsider the real emission reduction issue. Although companies can buy 

GCs to report their GHGs reduction, in the other way it increases the GHG emissions 

of the rest of the end-users who don’t buy these certificates by increasing the proportion 
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of non-renewable energy like fossil fuels in the residual mix, so that it is seemingly just 

a transfer of GHG emissions from a certain group of people to another within the whole 

system. Unfortunately, it doesn’t show the overall GHG reduction and renewable 

energy generation globally.   

The issue of harmonizing GCs requires immediate attention from policymakers, similar 

to previous discussions of the obstacles in GCs (such as inconsistent EU rules or 

policies regarding GOs). For instance, Wimmers and Madlener's research from 2023 

highlights the significance of harmonization among AIB member states under the 

guideline by European Energy Certificate System (EECS), while pointing out a number 

of factors that need to be taken into account. These factors include issuing GOs, 

resolving discrepancies in GO data, developing the GO system as a feasible and reliable 

platform for disclosure, building a more encouraging renewable energy-incentivized 

system with GOs, etc. Figure 19 also includes the aforementioned suggestions. 

 

Fig.19. Summary of policy recommendations 

Considering the inaccuracy in GOs data, the European Network of Transmission 

System Operators for Electricity (ENTSO-E), as the association for the cooperation of 

the European transmission system operators (TSOs), further contended that temporal 

matching is an essential shift from the existing GO certification scheme (ENTSO-E, 

2022). 
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Fig.20. An example data center in Google: hourly carbon-free energy performance 

(Google, 2020) 

In figure 20, Google mentioned the hourly monitoring of green energy performance in 

one of its data centers, and it shows that the insufficiency of real-time green electricity 

(represented as green peaks) covering the energy demand to achieve its so-called zero-

carbon emissions. For some reasons (e.g. energy sources like solar and wind power are 

unstable), Google still needs the traditional non-renewable energy to meet its energy 

demand for the operating duration. In regard to the market restrictions and transmission 

system instability between nations, it is therefore more reasonable to trace the actual 

benefit brought about by the generated green electricity by matching GCs hourly rather 

than based on a month or year. 

While, till now it is still common to base on a month as the minimum time unit to do 

the analysis of GCs data, it is recommended that in order to portray an accurate market 

situation and convincing results in environmental impact assessment, policy makers 

and companies evaluate GOs data by involving the factors like season changes of green 

electricity generation (Wimmers and Madlener, 2023). 

4.3.3 Continuous Improvement for TGC Market 

The complexity and volatility of the TGC market are one of the biggest challenges to 

further improving TGC operation. Tian-tian and Yi-sheng (2017) addressed this 

problem by pointing out the significance of setting suitable quotas and using a trading 

mechanism that differentiates between renewable energy sources that are hydroelectric 

and those that are not, taking local factors and electrical network designs into account. 
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In the research by Yi et al. (2020), to solve such problems on market efficiency and 

differentiated development of renewable energies, it highlighted the quasi-parameter 

(e.g. benchmark price and conversion coefficients of different renewable energy 

generation technologies) in the TGC market. For example, by using benchmark price 

and conversion coefficients based on Nash bargaining model, it can improve the trading 

efficiency and market stability.  

Moreover, it is of great importance to create reasonable prices of GCs. In the research 

of Wimmers and Madlener (2023), they also mentioned a survey-based approach to 

determine willingness-to-pay (WTP) for GCs which helps the future GC price models 

to predict prices. In Figure 21, a model based on WTP and ability-to pay (ATP) to 

estimate future GO prices is formulated. 
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Fig.21. GO price modelling diagram (data sets are given in dark blue textboxes) 

(Wimmers and Madlener, 2023; OECD, 2014; Steven, 1996; IEA, 2020; Eurostat, 2024a; Eurostat, 2024b; Eurostat, 2024c; Eurostat, 2024d; Eurostat, 2024e; Swiss 

Federal Office of Energy, 2020)
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4.3.4 Promotion of International Collaboration 

Nowadays, many countries and regions have launched their own GCs in order to 

comply with Paris Climate Agreement and promote renewable energy transform, 

however, it also means they have different trading mechanism or scope of their 

application, etc. 

Across the world, there is no harmonized market for green power trading and generic 

GCs, resulting in unfriendliness to the growth of renewable energy based on market 

forces and more barriers to the worldwide use of green electricity and GCs across 

regions. Thus, it is urgent and necessary to build international general GC certification 

framework and create global TGCs, which can use shared regulations to coordinate 

different GCs (Jia et al., 2023).  

An outstanding example of international cooperation is RE100, founded by CDP and 

the Climate Group, which is a global initiative encouraging the businesses to use 100% 

renewable energy and aiming for zero emission grid at scale (RE100, 2022). Currently, 

GOs, RECs, International Renewable Energy Certificates (I-RECs), and APX Tradable 

Instruments for Global Renewables (APX-TIGRs) are the RECs that are directly 

recognized by RE100, though RE100 places limitations on Green Electricity Certificate 

(GECs). Therefore, with its high level of international acceptance, RE100 is a GC 

certification standard that may increase the use of GCs and make them globally 

recognized, meanwhile promoting the standardized regulation on GCs in LCA. 
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5. Case Studies  

5.1 Case Description 

In the case study, an Italian ceramic company is chosen to do the research. Given all 

the GCs data originating from the existing GCs generation system, for establishing 

reliable pre-system built for GCs generation, this part isn’t discussed here. Instead, 

mostly focus on testing procedures for “Before retiring GCs and using LCA” section, 

“When using LCA” section and “After using LCA” section. As described above, both 

bundled GCs and unbundled GCs are used in the company to do the environmental 

assessment. For the energy consumption, as shown in Figure 22, there are generally 

three paths to operate the company: 1) grid electricity, 2) on-site renewable energy from 

photovoltaic (PV) panel, and 3) natural gas. The company choose to buy GCs (here, 

certificates issued are from wind power projects) to redeem for declaring 60% of its 

annual grid electricity consumption as green electricity. For the on-site generated solar 

power and the rest grid electricity, the company do not use GCs to cover. Here, four 

scenarios are set to do the comparison for the carbon emissions relevant to energy 

consumption, under the circumstance with/without the GCs standardization, as shown 

in Table 15. In order to make standardization more straightforward to understand, all 

the bundled GCs used in case study are trustworthy and qualified without need to 

standardize. 

① Not using any types of GCs to cover the grid electricity from renewable energy 

projects 

② Using bundled and unbundled certificates, each responsible for 50% green 

electricity from grid (N.B. for the unbundled certificates, they are standardized) 

③ Using bundled and unbundled certificates, each responsible for 50% green 

electricity from grid (N.B. for the unbundled certificates, they are not standardized) 

④ Using only bundled certificates to cover the grid electricity from renewable energy 

projects 
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Table 15. Four scenarios for using bundled and unbundled certificates  

Types of GCs 

Scenarios 

Bundled GCs Unbundled GCs 

1 Not use Not use 

2 Use  Use (standardized) 

3 Use  Use (Not standardized) 

4 Use  Not use 

 

 

Fig.22. Scheme for energy consumption of the production in case study company 

Table 16. Different types of energy consumption in production for the last three years 

Type of 

energy 

Unit 2021 2022 2023 

Natural gas 

(NG) 

SCM(Standard Cubic Meter)/year 13,130,114 15,998,807 12,231,832 

Grid electricity 

(GE) 

kWh/year 40,931,456 46,145,220 37,267,253 

Self-generated 

energy (SE) 

from PV 

kWh/year 480,630 745,346 1,258,564 
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Fig.23. Different types of energy consumption in the last three years 

In Table 16 and Figure 23, both show the annual statistics of consumption of natural 

gas, grid electricity and on-site generated energy from PV panels. For example, grid 

electricity in the past three years always play the most important role in the total energy 

consumption, with 40,931,456 kWh, 46,145,220 kWh, 37,267,253 kWh, respectively. 

Meanwhile, self-generated energy from PV panels takes the least percentage of the 

overall energy consumption, with only 480,630 kWh, 745,346 kWh, 1,258,564 kWh, 

separately. 

5.2 Application of Standardized Processes 

5.2.1 Before Retiring GCs and Using LCA 

Table 17 presents the fundamental details of the Italian ceramic industry together with 

the ongoing procedures. 
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Table 17. Information about section “Before retiring GCs and using LCA” 

1) RE annual usage in the 

company level 

60% of its annual grid electricity consumption as green 

electricity 

2) Checking the types of GCs Bundled and unbundled GCs 

3) Classify GCs by company 

region and market 

boundary (geographic 

matching) 

Percentage of 

unqualified ones in 

unbundled GCs for 

each year 

2021 4% 

2022 6% 

2023 11% 

Percentage of 

unqualified ones in 

bundled GCs for each 

year 

2021,2022,2023 0% 

4) Checking unbundled GCs 

by temporal matching 

Percentage of 

unqualified ones in 

unbundled GCs for 

each year 

2021 6% 

2022 14% 

2023 19% 

Percentage of 

unqualified ones in 

bundled GCs for each 

year 

2021, 2022, 2023 0% 

5.2.2 When Using LCA  

Table 18. Information about section “When using LCA” 

1) Identify research objects (e.g. companies, facilities and products) 

One Italian ceramic company 

2) Choosing certain LCA approach to do environmental reporting or claims 

Attributional LCA approach 

3) Make sure the uniform accounting for Scope 2 emission in the whole market 

Assume market-based accounting for Scope 2 emission in the whole market 

4) Use reliable data base for residual mix and relevant emission factors 

Further discussion below 

5) Model CO2 emissions from electricity covered by GCs and covered by residual mix.  

Further discussion below 

Follow the forementioned steps, firstly determine the approach for LCA and Scope 2 

accounting. Then, use the equations below to calculate the CO2 emissions for energy 

consumption of production. Table 18 summaries some information in each step. 

➢ Procedure: test four scenarios explained above and determine parameters to 

calculate relevant CO2 emissions 
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Table 19. Unqualified unbundled GCs used in LCA and EPDs for the last three years 

 2021 2022 2023 

Percentage of 

unqualified ones in 

unbundled GCs  

 

10% 

 

20% 

 

30% 

Percentage of 

unqualified ones in 

GCs  

 

5% 

 

10% 

 

15% 

Especially for the use of unbundled GCs, check each certificate details sheet for their 

compliance with issued region, market boundary, and issued & expired date. As 

described in chapter 4, bundled GCs are the most reliable proof for using green 

electricity, compared to unbundled GCs or other instruments. Therefore, when doing 

the check for the company, the bundled GCs are all trustable and qualified. In Table 19, 

it shows the rate of unqualified unbundled GCs to the total unbundled GCs used for 

environmental assessment. 

➢  quations and data needed: 

 

Emission for grid electricity not covered by green certificates ( res):  res = Cres× Fres            

(1) 

Emission for grid electricity covered by green certificates ( gc):  gc = Cgc× Fgc    

(2) 

Emission for natural gas ( ng):  ng= Cng× Fng                                                                                           

(3) 

Emission for on-site renewable energy ( on-site):  on-site = Con-site× Fon-site                     

(4) 

Equation for total GHG scope 2 emissions:  =Cgc×EFgc + Cres×EFres                                    

(5) 

Total emission ( tot):  tot =  res + gc + ng + on-site                                                     

(6) 
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—  Total grid electricity consumption (Ctot) = Cgc+Cres 

—  Electricity consumption covered by certificates (i.e. green electricity from grid, 

Cgc): equal to 60% Ctot 

—  Electricity consumption not covered by certificates (i.e. residual mix, Cres): equal 

to 40% Ctot 

—  On-site renewable energy consumption (Con-site) 

—  Natural gas consumption (Cgc) 

—  Emission factor for residual mix ( Fres) 

—  Emission factor for green certificates ( Fgc = 0) 

—  Emission factor for natural gas ( Fng) 

—  Emission factor for on-site renewable energy ( Fon-site)     

Datasets for emission factors are important to get a relative accurate result for emissions. 

In the standardized proposal, it mentions that emission factors of residual mix are 

somehow key parameter when using GCs to do environmental assessment. Ecoinvent, 

one of the biggest LCI datasets in the world, provide trustworthy, updated, and 

transparent data. Here, choose the necessary emission factors from Ecoinvent. As 

shown in the Table 20, emission factor for residual mix can be only found in 2021 and 

2022. Then, use linear prediction for relevant values in 2023 (marked in red in Table 20 

and Figure 24).  

 

Fig.24. Annual change for emission factor for residual mix in the last three years 
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Table 20. Emission factor for residual mix for the last three years 

 mission Factors for Residual mix 

Year  Fres (IPCC 2021, G P100) Unit Dataset  coinvent 

2021 0.6193 kg CO2eq /kWh Electricity, medium voltage, 

residual mix {IT}|Cut-off, U 

2022 0.64121 kg CO2eq /kWh Electricity, medium voltage, 

residual mix {IT}|Cut-off, U 

2023 0.6540 kg CO2eq /kWh  

Table 21. Emission factor for natural gas for the last three years 

 mission Factors for natural gas 

Year  F (IPCC 

2021, 

G P100) 

Unit Dataset  coinvent Conv. factor 

from M  to 

SCM (lower 

calorific value) 

2021 0.078567 kg CO2eq /MJ Heat production, natural gas, at boiler 

modulating <100kW | Cut-off, U 

35.281 MJ/SCM 

2022 0.078567 kg CO2eq /MJ Heat production, natural gas, at boiler 

modulating <100kW | Cut-off, U 

35.337 MJ/SCM 

2023 0.078567 kg CO2eq /MJ Heat production, natural gas, at boiler 

modulating <100kW | Cut-off, U 

35.457 MJ/SCM 

When it comes to the emission of self-generated energy from PV panels, in this case, 

the production of typical PV panels is taken into account to obtain an emission factor 

for the production of the indicated kWh, shown in Table 22. Moreover, given that only 

find one relevant data for this emission factor, use the same EFoe to do calculation for 

all the three years. 

Table 22. Emission factor for on-site energy generation 

 mission Factors for on-site energy generation 

 Fres (IPCC 2021, G P100) Unit Dataset  coinvent 

0.086664 kg CO2eq /kWh Electricity, low voltage {IT}| electricity 

production, photovoltaic 3 kWp slanted-

roof installation, single-Si panel, mounted | 

Cut-off, U 

Based on Table 16, 20, 21 and 20, use Table 23 to list all the key information for doing 

comparative analysis and calculation, meanwhile convert the unit of natural gas from 

kg CO2eq /MJ to kg CO2eq /SCM. 
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Table 23. Summary of energy consumption and emission factor 

 Year 

2021 2022 2023 

 nergy 

Type 

G /(k h/year) Total grid 

electricity 

40,931,456 46,145,220 37,267,253 

Green 

electricity 

24,558,873.6 27,687,132 22,360,351.8 

Non-green 

electricity 

16,372,582.4 18,458,088 14,906,901.2 

NG/(SCM/year) 13,130,114 15,998,807 12,231,832 

S /(k h/year) 480,630 745,346 1,258,564 

 mission 

Factors 

 Fres/(kg CO2eq /k h) 0.6193 0.64121 0.6540 

 Fng/(kg CO2eq /SCM) 2.771922327 2.776322079 2.785750119 

 Fon-site/(kg CO2eq /k h) 0.086664 0.086664 0.086664 

 Fgc/(kg CO2eq /k h) 0 0 0 

5.2.3 After Using LCA 

Speaking of transparent reporting, normally, it is necessary to show the electricity 

balance sheets and renewable energy certificate details. Considering the company’s 

privacy and business information, here this part is not shown. However, comparison 

analysis is fabricated in details below.  

Based on the data provided in 5.2.2 section, the following content shows the valid and 

invalid emission reduction under four different scenarios for 2021, 2022, and 2023, 

respectively. 

From Table 24, 25 and 26, under four scenarios, emissions from non-green grid 

electricity, natural gas and on-site generated energy don’t change at all, however, using 

GCs in different ways can heavily affect the emissions from green grid electricity. 

 



Case Studies 

 

65 

Table 24. CO2eq emissions of energy consumption in production under four scenarios in 2021 

Year 2021 Scenarios 

① ② ③ ④ 

 missions for 

G /(kgCO2eq/year) 

Green 15,209,310.42 760,465.521 0 0 

Non-

green 

10,139,540.28 10,139,540.28 10,139,540.28 10,139,540.28 

Total 25,348,850.7 10,900,005.8 10,139,540.28 10,139,540.28 

 missions for 

NG/(kgCO2eq/year) 

36,395,656.15 

 missions for 

S /(kgCO2eq/year) 

41,653.31832 

Total emissions for energy 

consumption in 

production/(kgCO2eq/year) 

61,786,160.17 47,337,315.27 46,576,849.75 46,576,849.75 

 

 

Fig.25. Valid and invalid CO2 emission reduction under four scenarios in 2021 

(N.B. For Scenario 4, although its emissions are as same as Scenario 3, its emission reduction 

compared to Scenario 1 is reliable for using bundled GCs only to cover green electricity from grid.) 
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a 24.62% drop when compared to the non-GC scenario. But only 95.00% of the drop 

are valid and 5.00% are invalid, which means almost one twentieth emission reduction 

are unreliable if the company don’t check out carefully the information of their 

purchased GCs. This could make a huge difference if the GCs standardization is applied 

in the LCA or EPDs procedures. Same problems and phenomenon are shown in 2022 

and 2023. When comparing scenario 1 and scenario 3 of year 2022 and 2023, 10%~15% 

of the emission reduction from the scenario 3 are invalid, which is really scary to think 

that many companies choose to use unbundled GCs as tools to declare their 

environmental contribution without any standardization for the GCs they use. However, 

when it comes to scenario 4, using only bundled GCs to redeem is also the reliable way 

to declare the use of green gird electricity, meanwhile achieving the same emission 

reduction scale as scenario 3 using both bundled and unbundled GCs. The real dilemma 

for fully using bundled GCs is the limitation for the cross-border trade (grid power may 

not be able to transmit to other countries) and higher prices. Moreover, with more and 

more firms choosing to use unbundled GCs to do environmental assessment, this trend 

is unstoppable. As long as doing GCs standardization before any assessment or 

calculation, it can improve the reliability and trustiness of unbundled GCs.  

Table 25. CO2eq emissions of energy consumption in production under four scenarios in 2022 

Year 2022 Scenarios 

① ② ③ ④ 

 missions for 

G /(kgCO2e/year) 

Green 17,753,265.91 1,775,326.591 0 0 

Non-

green 

11,835,510.61 11,835,510.61 11,835,510.61 11,835,510.61 

Total 29,588,776.52 13,610,837.2 11,835,510.61 11,835,510.61 

 missions for 

NG/(kgCO2eq/year) 

44,417,841.11 

 missions for 

S /(kgCO2eq/year) 

64,594.66574 

Total emissions for energy 

consumption in 

production/(kgCO2eq/year) 

74,071,212.29 58,093,272.97 56,317,946.38 56,317,946.38 
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Fig.26. Valid and invalid CO2eq emission reduction under four scenarios in 2022 

(N.B. For Scenario 4, although its emissions are as same as Scenario 3, its emission reduction 

compared to Scenario 1 is reliable for using bundled GCs only to cover green electricity from grid.) 

Table 26. CO2eq emissions of energy consumption in production under four scenarios in 2023 

Year 2023 Scenarios 

① ② ③ ④ 

 missions for 

G /(kgCO2eq/year) 

Green 14,623,670.08 2,193,550.512 0 0 

Non-

green 

9,749,113.385 9,749,113.385 9,749,113.385 9,749,113.385 

Total 24,372,783.46 11,942,663.9 9,749,113.385 9,749,113.385 

 missions for 

NG/(kgCO2eq/year) 

34,074,827.45 

 missions for 

S /(kgCO2eq/year) 

109,072.1905 

Total emissions for energy 

consumption in 

production/(kgCO2eq/year) 

58,556,683.1 46,126,563.54 43,933,013.02 43,933,013.02 
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Fig.27. Valid and invalid CO2eq emission reduction under four scenarios in 2023 

(N.B. For Scenario 4, although its emissions are as same as Scenario 3, its emission reduction 

compared to Scenario 1 is reliable for using bundled GCs only to cover green electricity from grid.) 

As mentioned before, in Figure 25-28, there is a huge difference for CO2 emissions 

between the usage of unbundled GCs with standardization and the ones without 

standardization. Furthermore, only using bundled GCs is helpful to get great reliable 

emission reduction. In accordance with Figure 29, regardless of the year, the primary 

source of CO2 emissions is consistently natural gas, followed by non-green electricity 

from the grid, green electricity from the grid (emissions from invalid GCs), and self-

generated energy from photovoltaic panels. In order to minimize emissions from energy 

consumption, the company should reduce its use of other energy sources (such as 

natural gas) and increase the amount of green electricity sourced from the grid. 

Standardized GCs should be used to redeem as much green electricity as possible, rather 

than utilizing the emission factor of residual mix to do relevant calculation. 
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Fig.28. Comparison of emissions from four scenarios under year 2021, 2022, and 2023 

 

 

Fig.29. Emissions from natural gas, self-generated energy, green and non-green electricity from 

grid under Scenario 2 in last three years 
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unqualified rate of used unbundled GCs, respectively. Then, due to 50% of green 

electricity from grid is covered by bundled GCs and the rest goes with unbundled GCs, 

in Table 27, it also shows the unqualified rate of GCs in overall GCs usage, as 0%, 5%, 

10%, 15%, 20%. 

Table 27. Unqualified rate of unbundled GCs and of overall GCs for year 2022 

 A B C D   

Percentage of 

unqualified 

unbundled GCs  

 

0% 

 

10% 

 

20% 

 

30% 

 

40% 

Percentage of 

unqualified GCs  

 

0% 

 

5% 

 

10% 

 

15% 

 

20% 

 

 

Fig.30. Emissions for energy consumption in production under five scenarios (kgCO2eq/year) 

Five scenarios (A  B  C     E) are set for 0%  10%   0%  30%  40% unqualified rate of used 

unbundled  Cs 

From Figure 30, it is obvious to show that the real final emissions are easily affected 

by the unqualified rate of used unbundled GCs. At the same time, it is half of the green 

electricity from grid covered by bundled GCs that makes the proposed final emissions 

a little bit more reliable, otherwise, the whole emissions from energy consumption in 

production will increase more than the current. 
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5.3 Results Discussion and Implications 

As described before, the company has 60% green electricity from grid, half of which is 

covered by unbundled GCs and the rest covered by bundled GCs. Under such 

conditions, scenarios from 1 to 4 are made for evaluating the valid emission reduction. 

Though Scenario 3 has the biggest emission reduction as same as scenario 4, it contains 

the part of invalid reduction. For example, 1,775,326.59 kgCO2eq recognized as invalid 

data under scenario 3 in 2022, which takes up to around 10% of the real reduction. 

What’s more, such scenarios are most common in many firms’ reports for LCA and 

EPDs, since they don’t get the unbundled GCs standardized after they decide to use the 

purchased GCs to redeem. For scenario 4, it is definitely a guarantee for companies to 

use bundled GCs as the reliable resource to cover the green electricity from the grid. In 

the meantime, despite that bundled GCs have higher price, it helps support the 

renewable energy projects within the same region that transmit power easily to the 

company, which contributes to developing the energy transformation from fossil fuels 

to renewable energy. Therefore, it is preferable to select both bundled and unbundled 

GCs for redeeming as to certify the green power from grid in order to lower the CO2 

emissions from production and achieve the effective usage of GCs in purchased 

electricity for LCA and EPDs. From what have been discussed above, as shown in 

Figure 31, there are several points that companies need to pay attention to when it comes 

to lower the CO2 emissions from energy consumption.  

⚫ Given the unreliability of unbundled GCs and geographical and price limits of 

bundled GCs, it would be better to use the combination of bundled and unbundled 

GCs. Then, use the standardized procedure to select qualified unbundled GCs to 

cover the part of electricity they are in charge of, and maintain a certain ratio of 

bundled GCs to guarantee its final credibility and contributes to renewable energy 

projects in local region. 

⚫ Increase the ratio of green electricity over total grid electricity consumption, and 

decrease the ratio of non-green electricity over total grid electricity consumption. 
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⚫ Under green electricity covered by GCs, it is recommended to improve the ratio of 

bundled GCs, if there is no financial problem or restriction for the company. 

Otherwise, try to maintain the proportion of bundled and unbundled GCs as 1:1 to 

minimize the uncertainty and doubts from the public. 

⚫ For the factories or companies owning self-generated renewable energy projects, 

try to increase its energy production. 

 

Fig.31. Advice for companies buying GCs to do environmental assessment 

Since a lot of companies in the worldwide are using unbundled green certificates to do 

green washing, it is also being reported and proved in literature that lack of reliable data 

(e.g. GCs data) is one of main reasons.  
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Fig.32. Main drivers of greenwashing (ESMA, 2023) 

According to studies using questionnaires and interviews, Figure 32 shows clearly lack 

of reliable data (accounted for 13%), differing interpretations of regulation (accounted 

for 14%), and rapid evolving regulation (accounted for 11%) as some of the 

contributing factors to greenwashing. After implementing standards for all companies 

and factories worldwide, it is conceivable to gradually and considerably reduce the 

carbon emissions connected to the inaccurate GCs data, based on the previous 

discussion and proposed methods that also primarily focus on these contributors. 
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6. Conclusion and Future Directions  

6.1 Summary of Findings  

By the end of the century, zero emissions should be attained in accordance with the 

objective set by the Paris Climate Conference. The majority of carbon emissions 

currently come from industries, and energy use contributes significantly to overall 

emissions. Companies all around the world are attempting to find solutions by using 

green electricity to lower CO2 emissions and by purchasing GCs as evidence of the 

dependability of their use of green electricity. As usual unbundled GCs, GOs are widely 

used in the EU. Figure 33 clearly shows the GO transaction over the past six years. By 

classified with different member states, it displays each country’s proportion from 

issuing, importing, exporting, cancelling in own domain, and cancelling in ex-domain, 

respectively. For example, Norway has the highest importing and exporting rate of all 

counties in EU. However, double counting and verifiability of unbundled GCs are the 

urgent challenges for companies to overcome.  

In this study, the importance of using GCs and its application in LCA or EPDs, etc. are 

elaborated in details. Currently, more and more firms need ESG (Environmental, Social, 

and Governance) reports to make statement about their carbon footprints and other 

environmental impacts. Through LCA or EPDs, they can better showcase the emissions 

during the system operation. Furthermore, typical common limits and challenges 

existed in GCs itself and its market are listed to give a review for relevant researchers, 

as shown below. 

⚫ Market Instability 

⚫ The Absence of Binding National Targets 

⚫ Public/Private Nature of the Certifier Chosen and Export Restriction Set by 

Countries 

⚫ Non-transparent, Illogical and Incomplete Reporting of Data 

⚫ Inconsistency within EU Rules 
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⚫ Oversupply of Issued Certificates 

⚫ Inaccurate Residual Mix Calculation 

⚫ Greenwashing with Cheap Renewable Certificates 

 

Fig.33. GO transactions on annual basis, per domain, structured by GO transaction period 

(AIB, 2024b) 

Concerning using GCs in LCA, main problems to solve are double counting and data 

invalidity. Given that, the standardization for applying GCs in LCA mostly focuses on 
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improving the accuracy of calculating Scope 2 emissions, though it covers a 

comprehensive process from GCs trading to rechecking after LCA. Some of the key 

information from standardized proposal is summarized and shown in Table 28. 

Table 28. Comprehensive scheme of standardization for GCs applied in LCA 

Step1  

Before and during trading 

⚫ Build a system from ensuring the reliability of GCs by smart meters, DLT, trading platform, 

client application. 

Step2 

Before retiring GCs and using LCA 

⚫ Determine the RE annual usage in the company level. 

⚫ Classify GCs by company region and market boundary. 

⚫ Check the types of GCs. 

⚫ Check GCs by temporal matching. 

Step3 

When using LCA 

⚫ Choose attributional LCA approach to do environmental reporting or claims (e.g. EPD). 

⚫ Make sure the uniform market-based accounting for Scope 2 emission in the whole market. 

⚫ Use reliable data base for residual mix and relevant emission factors.  

Step4 

After using LCA 

⚫ Include an electricity balance sheet that lists the total amount of electricity used as well as 

the distribution of GCs among the facilities, products, and life cycle stages covered by the 

EPD. 

⚫ Renewable energy certificate details should also be included in the LCA background report. 

From the case study, one Italian ceramic company is chosen to do standardization for 

its purchased GCs. First, based on the yearly data, four scenarios (1, 2, 3, 4) are set to 

compare each one’s emissions in the given period and scenario 2 is after the 

standardization. It is obvious to see the effectiveness for cutting off the invalid carbon 

reduction and improve the reliability of final emissions by using both unbundled and 

bundled GCs together. Meanwhile, when setting another five scenarios (A, B, C, D, E) 

for the certain scenario 2 in 2023 to do sensitivity analysis, there shows that how big 

change can be easily made for the results with different unbundled GCs unqualified 

rates. For that, this Italian plant under study also need to also take several following 

actions to reduce the final CO2 emissions. 
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⚫ Use the combination of bundled and unbundled GCs, while maintaining a certain 

ratio of bundled GCs to guarantee its final credibility and contributes to renewable 

energy projects in local region. 

⚫ Increase the ratio of green electricity over total grid electricity consumption. 

⚫ Try to improve the ratio of bundled GCs, if there is no financial problem or 

restriction for the company. Otherwise, try to maintain the proportion of bundled 

and unbundled GCs as 1:1 to minimize the uncertainty and doubts from the public. 

⚫  For self-generated renewable energy projects, try to increase its energy 

production. 

6.2 Policy Implications  

Nowadays, there are no consistent standards for the GCs issuance system, not only in 

countries under the same issued region for its typical GC but overall, in the world 

market. For example, in EU, GOs are the most common GC but in each country, 

however, they lack the basic rules in harmony on how to use GOs. Furthermore, as 

discussed in section 4.2, currently in the worldwide organization, there is not an integral 

GC system operating to manage to recognize different types of GCs and harmonize the 

method for its application in environmental assessments. Policymakers need to focus 

on the aspects like issuing GCs, resolving discrepancies in GC data, developing the GC 

system as a feasible and reliable platform for disclosure, building a more encouraging 

renewable energy-incentivized system with GCs, etc.  

Besides that, for the trading market of GCs, legislators urgently need to make efforts to 

solve the problem of the complexity and volatility of the TGC market by using 

benchmark price and conversion coefficients based on Nash bargaining model, it can 

improve the trading efficiency and market stability (Yi et al., 2020).  
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6.3 Future Research Directions 

Given the proposed standardized procedures for GCs in LCA, universally applying it 

will contribute a lot to the reliable result of global carbon emissions and valid carbon 

reductions. However, in order to improve GCs reliability for whatsoever assessment or 

environmental declaration, there is still a lot for researchers to improve and investigate. 

One of the most important fields is to use computer programming and data analysis to 

precisely build trustworthy GC tracking system. What’s more, choose artificial 

intelligence and blockchain to reshaping the GC trading. For specifically GCs’ 

application in LCA or EPDs, considering reducing CO2 emissions, mechanism of 

integrating GCs from various renewable energy sources into future portfolios is also 

good fields to work on.  
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