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Background of the study 

Covid-19 shakedown led European Union to implement an unprecedented strategy in effort and 

magnitude (Luo, 2022; Posaner and Mischke, 2020). The need to recover from pandemic-

related crisis, together with Climate Change emergency supported the implementation of Next 

Generation EU initiative through Recovery Fund, thus involving an overall amount of 723.8 

billions Euros (made up by an approximate 47% share of Grants and 53% of Loans) (Afman et 

al., 2021). Present strategy was developed enhancing previous EU initiatives to ensure a 

greener, smarter and more inclusive recovery (European Commission, 2019). Subsequently, six 

main pillars were identified: (i) Green Transition, (ii) Digital Transformation, (iii) Smart, 

Sustainable and Inclusive Growth, (iv) Social and Territorial Cohesion, (v) Health and 

Economic, Social and Institutional Resilience, (vi) Policies for the Next Generation. 

Fundings were then distributed among all Member States, nevertheless, significant differences 

are present.  

First relevant gap concerns resources allocation per State (Darvas, 2020), second one resources 

destination per pillar (and respective economic sector). Being resources allocation consequent 

of statistical, socio-economic and demographical EU bodies evaluation (Bisciari et al., 2021), 

as well as of political negotiations, resources destination may represent an interesting key to 
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investigate how different countries plan their own green and smart transition (Gaglione and 

Ayiine-Etigo, 2021; Pilati, 2021). 

In particular, infrastructural investments play a pivotal role in shaping future development and 

economic asset. Energy and transport sectors constitute indeed two of the main impacting 

sectors in terms of greenhouse gases (GHG) emissions’ production (EEA, 2019); consequently 

actions to pursue resilient, sustainable and digital recovery and transition would be heavily 

insisting on energy and transport infrastructures (Kivimaa et al., 2023, Belicka et al., 2022). 

National approach towards these sectorial investments would prove indeed extremely 

significant to deepen how Member States would like to shape their visions and future (Gierten 

and Lesher, 2022). 

Aim of the study 

Present work has the aim to investigate how infrastructural investments were channelled 

through Italian National Recovery and Resilience Plan (NRRP) (Italian Government, 2021) 

compared to the other Member States receiving the majority of EU funds. In particular, Italy 

benefitted from a 191 billions Euros amount of grants and loans, constituting the main share 

among EU States, followed by Spain (Spanish Government, 2021) with 70 billions Euros and 

France (French Government, 2021), with 39 billions Euros (European Commission, 2023). 

The analysis of respective national initiatives in terms of goal formalization, pursued strategies 

as well as main lines of actions helps to identify Member States priorities in addressing both 

post-Covid19 recovery and green and digital transition. Being the selected countries bordering 

countries it would be particular interesting and valuable not only the deepening of individual 

plans, but also the search for potential synergies and interrelations. In the EU perspective, 

indeed, overall effectiveness and success of NRRP policy would rely on the outcomes of the 

projects related to the identified six main pillars in terms of national sectorial improvements 
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and upgrade concerning increased resilience and steps taken towards green and digital 

transition, but also in terms of global EU performances coming from a better cooperation, 

integration and alignment among national actions and goals. This prove to represent a quite 

crucial issue as far as energy and transport infrastructures are concerned. It is indeed self-

evident that network effectiveness strongly depends on its internal level of connectivity and 

widespread capillarity, so that coordination among national initiatives constitutes the basis for 

overall system improvements. Moreover, even though punctual and local projects are 

concerned, their interrelationships within the general strategy as well as potential links going 

beyond national borders need to be highlighted, potentially representing important drivers 

paving the way for more rooted and bottom-up trans-national initiatives. 

Methodology 

National Plans, strategies and actions of these three main beneficiaries were therefore 

investigated to answer three main research questions.  

Initial deepening concerned the comparison of national plans formal structure in addressing EU 

targeted goals. Document formal structure enabled authors to highlight general attitude,  

rationale and approach towards resilient recovery (Tagliapietra, 2021). 

In this direction, the analysis of the National Resilience and Recovery Plans of Italy, France 

and Spain revealed some differences in approach. The latter two have a structure that aligns 

perfectly with the six pillars proposed by the EU. Instead, Italy proposes a different subdivision: 

recovery plan shapes around (i) and (ii) main cores; (iii) focuses on infrastructures and mobility; 

(iv) on education and research; (v) on inclusion and cohesion and finally (vi) on healthcare. 

Each pillar of each NRRP is divided into 'missions'; i.e., a set of technical objectives and actions 

that the state proposes to achieve with European investments. 
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Similar differences may lead to national peculiar way to set main targeted issues and respective 

solutions to meet specifical needs and goals. 

Subsequently, as far as green transition, digital transformation and national strategies for 

infrastructures and sustainable mobility development are concerned, the aim is to understand 

how investments and actions are allocated within each of the three NRRPs initiatives. Research 

focuses indeed on technologies, energy sources and transport modes that have been selected by 

national institutions, as well as on the potential territorial outcomes descending from the 

identified projects. 

Final investigation would concern compliance among national initiatives in terms of strategies 

and developing infrastructures. Looking at comprehensive and overall EU network integration, 

respective coherence among Member States actions is therefore pivotal to ensure effectiveness 

and improvement of current EU internal relations, thus gathering individual national efforts 

towards shared goals and achievements. Present issue proves to be essential to support long-

term initiatives such as the Trans-European Transport Network, TEN-T (Nicodème, 2022) and 

Trans-European Networks for Energy, TEN-E (Quitzow et al., 2022) development and to boost 

local fragmented projects thus channelling them into a wider framework.  

Starting from the concept of Common Indicators, proposed by the European Commission 

(2023) for evaluating the progress of the implementation of common objectives between 

nations, it will be appropriate to go into detail of similar actions and compare them, also in 

order to understand the meaning of their different declinations within the main pillars. 

Result/findings and argumentation 

These research questions are used as guiding lens to read respective national approach and 

initiatives to shape green and smart transition, thus highlighting potential synergies and 

conflicts, as well as to provide an overall view about possible collaborative framework within 
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considered Member States. Italian initiative aims at investing 25.4 billion on the mission called 

'infrastructure for sustainable mobility'. This mission consists of two priority lines: rail network 

development (97.5%) and inter-modality and integrated logistics enhancement (2.5%). 

Differently, Spanish government emphasises its interest in sustainable mobility through two 

separate missions. In details, within mission 'II. Infrastructuras y ecosistemas resilientes' the 

development of sustainable, safe and connected mobility is promoted.  Nevertheless, present 

goal also emerges in the first mission 'I. Agenda urbana y rural, lucha contra la despoblación 

y desarrollo de la agricultura' in which the will to connect rural areas to metropolitan centres 

through sustainable mobility policies emerges. Railways connections improvement, transport 

integration and digitalization, as well as collective transport vehicles’ transition to green 

technologies represent indeed main Spanish initiative targets. French NRRP initiative refers to 

sustainable mobility actions within the green transition pillar (i). As far as the mission entitled 

'Infrastructures et mobilités vertes' is concerned, four tasks are related to investments in: 

boosting railway connections, accelerating works on transport infrastructures, supporting 

demand for clean vehicles, and greening current national vehicle fleet.  

As far as the green transition is concerned, each country agrees on the need to develop 

innovative technologies and alternatives to traditional fossil fuels. In addition to technological 

research funding - a common point between the three plans compared - the objective of 

decarbonization is pursued with different strategies. In Italy and Spain, for example, importance 

is given to the issue of self-consumption and renewable energy communities (referred to in 

RED II Directive), with a view to the progressive decentralization of the energy sector and 

aimed at suggesting virtuous consumption habits to the end user. On the other hand, French 

Plan intends the energy transition linked mainly to the conversion of the public, private and 

small and medium-sized real estate stock, thus encouraging the strengthening of transnational 
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infrastructures and networks in order to improve the energy mix and ensure greater economic 

convenience for each user. 

Despite different classification and allocation of respective strategies targeting specifical 

territorial goals, Italian, Spanish and French plans address similar actions and tools, thus 

supporting a wider integration of national infrastructural investments within EU framework and 

network. 

Two lines of thought and action emerge indeed: on one hand widespread system investments 

may change infrastructural structure and network at a national level, while on the other hand, 

punctual investments acting directly at micro level, may interfere with and change the habits of 

citizens as well as local framework for administrations. 

Despite micro-level actions may prove more directly involved in local transition, general 

network strategies could drive massive change in national transport system. Nevertheless, this 

second cluster of initiatives require to be supported and integrated at a EU level to ensure long-

term and widespread effectiveness and outcomes. In this direction, coherence among individual 

NRRP targets may constitute a key-element, especially for bordering countries. 

Conclusion, managerial implications and limitations 

The great amount of resources allocated within NRRP framework requires to develop proper 

evaluation methodologies to assess derived outcomes and impacts. It is therefore required to 

provide standardized approach enabling scholars, policy-makers as well as simple citizens to 

compare and analyse strategical actions and results. Nevertheless, being an EU initiative 

implemented at national level, particular attention needs to be paid also to Member State own 

declination and implementation of policies and strategies, since context-related variables may 

interfere with actions design and outcomes. Proposed approach may represent a good starting 

point for the assessment of NRRPs and other EU-led development strategies regarding energy, 
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mobility and transport sectors, both in the short and long run (such as TEN-E and TEN-T 

networks development). In details, present research addresses the need to frame national ways 

to face problem-setting as well as action design steps, thus targeting expected outcomes, not 

only to develop progressive evaluation tools in the implementation phase, but also to provide 

suitable framework for the ex-post monitoring of impacts and results. Similar qualitative 

approach may be integrated in the future through the definition of dedicated indicators enabling 

cross-national initiative comparison and assessment. 
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Abstract 

This paper recognizes that it is necessary adding flexibility on the part of end consumers to 

achieve the energy transition, controlling fluctuations in intermittent renewable sources, and 

improving the physical operation of the electricity grid. To understand the behaviour of the 

Spanish final electricity demand, annual energy balance data and sectoral evolution of 

electricity demand by large consumers data, for the interval of time between 2010 and 2021, 

have been used. The results show that the high participation of the large consumers on the total 

final electricity demand in Spain, gives signals to encourage them for the development of 

flexibility resources. Knowing the behaviour of the electricity demand of the different Spanish 

economic sectors, it is possible to choose the best flexibility attributes that can be incorporated 

into the electricity system. 

Keywords: final electricity demand, Spanish large consumers, energy transition. 

 

1. Introduction 

Previous research suggests that demand side flexibility (DSF) can help offset fluctuations in 

intermittent renewable generation, with smart management of large consumers or aggregators 
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of smaller consumers who are willing to voluntary modulate their consumption and even stop 

consuming in the face of energy shortages (PwC España et al., 2021). According to (Milligan 

et al., 2016) there are two potential market structures that can incentivize the investment of 

these new flexibility resources, and both focus on long term investments: first, markets can 

provide incentives for the market entry of new resources that have necessary flexibility 

attributes; second, markets can provide incentives for existing resources to increase their ability 

to offer flexibility, subject to technical barriers and economic trade-offs. 

Complementing the previous papers, (DNV & ACER, 2021) indicate that the participation of 

new and smaller players without relevant experience in the electricity sector is restricted by 

their size and cannot enjoy economies of scale despite having a reasonable business model, 

which makes it necessary to search for a business model different from the one established in 

the wholesale market, such as adding flexibility on the part of end consumers, offering new 

services that are different from the traditional ones. (Cochran et al., 2013) affirm that the current 

regulatory structures are the major barriers to increase the potential for demand side flexibility, 

reflecting a traditional demarcation between wholesale electricity markets and retail markets, 

causing lack of incentive for demand side flexibility. 

The objectives of this paper are to analyse the electricity demand behaviour of the different 

Spanish economic sectors; to analyse the electricity demand behaviour of the Spanish large 

consumers; and to compare both groups studied.    

The paper is structured as follows. Section 2 provides some relevant notes on the current 

situation of final electricity demand in Spain. Section 3 describes the methodology for 

calculating the electricity demand of Spanish large consumers. Section 4 presents the results 

achieved. Finally, section 5 offers the main conclusions and future lines of research. 
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2. Final electricity demand in Spain. Current situation. 

The Ministry for Ecological Transition and Demographic Challenge (MITERD) provide 

reliable information on the energy situation in Spain through the annual energy balance report. 

This statistical operation meets the information demands of both national and international 

organizations (EUROSTAT, IEA, United Nations) (MITERD, 2022). 

Table 1 shows the behaviour of the final electricity demand in Spain, from 2010 to 2021. 

Table 1   

Final electricity demand in Spain. 2010-2021. 
Electricity demand sectors (GWh) 2010 Period from 2010 to 2021 2021 

  Average Minimum Maximum  

Industrial sector 73 490 74 682 68 884 81 019 75 844 

Iron and steel 14 318 13 135 10 909 15 136 12 135 

Chemical and petrochemical 8 638 9 178 8 410 9 877 9 877 

Non-ferrous metals 8 652 9 022 6 995 10 728 6 995 

Non-metallic minerals 7 699 6 294 5 494 7 699 7 148 

Transportation equipment 2 851 3 634 2 657 4 499 4 065 

Machinery 3 826 4 665 3 746 5 281 4 992 

Extractives industries 1 211 1 663 1 211 2 251 1 770 

Food, beverages, and tobacco 10 472 10 347 9 322 11 273 11 273 

Pulp, paper, and graphic arts 3 959 5 525 3 959 6 073 6 073 

Wood and wood products 1 415 1 386 1 089 1 691 1 691 

Construction 2 162 2 614 1 924 3 958 3 958 

Textile and leather products 2 162 1 796 1 329 2 162 1 329 

Not elsewhere specified – industry 5 521 5 372 3 562 7 026 4 537 

Transport sector 3 222 3 808 3 222 4 046 3 662 

Rail 3 061 3 469 2 922 3 729 3 088 

Road - 83 - 350 350 

Domestic aviation - - - - - 

Domestic navigation - - - - - 

Pipeline transport - 222 - 280 199 

Not elsewhere specified – transport 160 34 20 160 24 

Other sectors 168 090 155 654 147 435 168 090 148 374 

Commerce and public services 83 892 75 137 67 233 83 892 69 137 

Households 75 679 72 843 69 648 76 107 73 149 

Agriculture / forestry 4 150 5 062 4 004 5 984 5 630 

Fishing - 30 - 133 133 

Not elsewhere specified – other 4 371 2 582 324 4 895 324 

TOTAL 244 802 234 144 219 655 244 802 227 881 

Total demand at generation busbars (REE) 275 814 263 875 250 051 275 814 256 546 

Source: Prepared by the author with MITERD data (MITERD, 2023). 
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3. Methodology 

The System Operator (SO), Red Eléctrica España, periodically publishes the sectoral 

evolution of electricity demand in large consumers (contracted power equal to or greater than 

450 kW), with the name of Electricity Network Index (IRE). The analysis developed uses the 

corrected data of the IRE indicator (Red Eléctrica España, 2022), from January 2010 to 

December 2021. Table 2 shows all sectors, subsectors, and sub subsectors (National 

Classification of Economic Activities - CNAE code) of these activities with their respective 

percentage share in electricity demand for 2010 (base year of the IRE indicator).  

Table 2   

Percentage share of final electricity demand of large consumers. 2010 (base year). 
Large consumers (contracted power equal to or greater than 450 kW) % 

Industrial sector 68.6 

Consumer goods (CNAE) 9.0 

Food (10) 5.98 

Beverages (11) 1.06 

Tobacco (12) 0.05 

Clothing (14) 0.06 

Footwear (15) 0.08 

Graphics and recording (18) 0.47 

Pharmacy (21) 0.94 

Furniture (31) 0.22 

Other (32) 0.12 

Intermediate goods (CNAE) 51.8 

Textile (13) 0.88 

Wood and cork (16) 1.16 

Paper (17) 5.42 

Refined products (19) 1.66 

Chemical (20) 7.82 

Rubber and plastics (22) 4.66 

Non-metallic minerals (23) 6.54 

Metallurgy (24) 23.71 

Capital goods (CNAE) 7.8 

Metallic products (25) 1.95 

Electronic and computer equipment (26) 0.21 

Electrical equipment (27) 1.41 

Machinery and mechanical equipment (28) 0.43 

Vehicles (29) 3.25 

Other transportation materials (30) 0.56 

Repair of machinery and equipment (33) 0.02 

Services sector (CNAE) 23.3 
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Commerce (45/46/47) 6.7 

Transport (49/51/52/53) 5.5 

Audiovisual information (58/59/60/61/63) 1.4 

Tourism (55/56/79) 1.2 

Financial and insurance (64/65/66) 0.7 

Business services (62/68/69/70/71/72/7374/77/80/81/82) 2.0 

Public services and others (84/85/86/8788/90/91/92/93/94/96/97/99) 5.9 

Other activities sector (CNAE) 8.2 

Primary sector (01/02/03) 1.0 

Extractive activities (05/06/07/08/09) 1.7 

Energy, water and waste (35/36/37/38/39) 4.4 

Construction (41/42/43) 1.1 

Total 100.0 

Source: Prepared by the author with REE data (Red Eléctrica España, 2023). 

The IRE indicator shows the percentage variation of final electricity demand for each 

economic activity with respect to the base year and with monthly resolution. 

To convert the above percentage share of final electricity demand in terms of energy, the 

final metered demand for 2012 is used (Red Eléctrica España, 2014). The final electricity 

demand in 2012 was 101 777 GWh and the IRE indicator was 99.012%, therefore, the final 

electricity demand in 2010 was 102 792 GWh. Then, the percentage share of each economic 

activity is used to calculate the energy demand by each sector, subsector and sub subsector in 

the base year. Finally, the monthly percentage variation of the IRE indicator is applied, from 

January 2010 to December 2021. 

4. Results 

The subsectors corresponding to the industrial sector of the IRE indicator are regrouped to 

make the comparison with MITERD statistical data (from the other activities sector, the 

extractive and construction subsectors are extracted and added to the industrial sector).  

Table 3 shows the final electricity demand by large consumers in Spain, from 2010 to 2021.  
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Table 3   

Final electricity demand of large consumers in Spain. 2010-2021. 
Electricity demand sectors (GWh) 2010 Period from 2010 to 2021 2021 

  Average Minimum Maximum  

Industrial sector (CNAE) 73 247 72 378 66 911 75 646 70 538 

Metallurgy (24) 24 300 21 632 16 759 25 952 18 857 

Chemical y petrochemical (19/20) 9 716 11 000 9 716 12 166 9 718 

Non-metallic minerals (23) 6 703 6 836 5 829 7 968 7 968 

Transport equipment (29) 3 321 3 419 2 822 3 747 2 822 

Machinery (25/26/27/28/30/33) 4 680 4 773 4 342 5 200 4 799 

Extractives industries (05/06/07/08/09) 1 744 2 016 1 744 2 186 2 168 

Food, beverages y tobacco (10/11/12) 7 290 8 072 7 290 9 244 9 244 

Pulp, paper y graphic arts (17/18) 6 038 5 654 5 304 6 038 5 502 

Wood and wood products (16/31) 1 415 1 424 1 232 1 688 1 688 

Construction (41/42/43) 1 128 1 024 905 1 128 944 

Textile and leather products (13/14/15) 1 046 1 012 896 1 079 994 

Not elsewhere specified (21/22/32) 5 866 5 517 5 042 5 888 5 835 

Services sector (CNAE) 24 005 24 931 23 187 26 050 24 792 

Commerce (45/46/47) 6 873 7 383 6 873 7 875 7 786 

Transport (49/51/52/53) 5 642 6 068 5 556 6 582 6 067 

Audiovisual information (58/59/60/61/63)  1 436 1 326 1 188 1 436 1 188 

Tourism (55/56/79) 1 231 1 124 661 1 234 795 

Financial and insurance (64/65/66)  718 610 467 718 504 

Business services (62/68-74/77/80/81/82) 2 052 1 961 1 719 2 099 1 848 

Public services (84-88/90-94/96/97/99) 6 053 6 460 6 053 6 780 6 604 

Other activities sector (CNAE) 5 540 6 730 5 540 7 602 7 420 

Primary sector (01/02/03) 1 026 1 360 1 026 1 531 1 491 

Energy, water and waste (35/36/37/38/39) 4 514 5 370 4 514 6 071 5 930 

TOTAL 102 792 104 039 97 349 108 688 102 750 

Total final electricity demand in Spain 244 802 234 144 219 655 244 802 227 881 

Percentage share of large consumers (%) 42.0 44.4 44.3 44.4 45.1 

Source: Prepared by the author with REE data (Red Eléctrica España, 2022). 

The electricity demand of large consumers represents 44.4% of the total electricity demand 

in Spain, and the large consumers of the secondary (industrial) sector represent 96.9% of the 

total electricity demand in this sector (72 378 GWh - IRE data from Table 3, and 74 682 GWh 

- MITERD data from Table 1), situation that allows to infer that practically the totality of the 

industrial electricity demand belongs to the group of large consumers. 

The large consumers of the primary sector (agriculture, forestry, fishing) and tertiary sector 

(commerce, services, education, transportation) represent 36.6% of the total electricity demand 

in both sectors (31 661 GWh - IRE data from Table 3, and 86 619 GWh - MITERD data from 
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Table 1). This situation makes it possible to consider them as important actors for the 

development of flexibility resources. 

Fig. 1 shows the behaviour of the final electricity demand by large consumers in Spain, from 

January 2010 to December 2021, according to the classification in the annual energy balance 

report: industrial sector, transport sector (sub subsector land transport – CNAE 49), and other 

sectors (subsectors commerce; transport without CNAE 49; audiovisual information; tourism; 

financial and insurance; business services; public services and others; primary sector; and 

energy, water and waste are grouped together).  

 
Figure 1. Final electricity demand of large consumers by sectors. 01/2010 to 12/2021. 

Source: Prepared by the author with REE data (Red Eléctrica España, 2022). 

The other sectors maintain practically identical demand for all the months of the twelve years 

analysed, except for 2020, which experiences a reduction in demand, explained by the health 

crisis caused by COVID-19. 

The transport sector has a small share in the electricity demand. 

The industrial sector maintains a stable and regular demand for the period analysed, with the 

months of August and December of all years being those with the lowest demand, explained by 
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the summers holidays and the end of year festivities. April 2020 has the lowest demand of the 

entire period analysed, and the explanation is the same as in the other sectors. 

5. Conclusions 

The final electricity demand of large consumers from the secondary sector (industrial) 

represents 96.9% of the total final electricity demand in Spain of this sector, from 2010 to 2021. 

The final electricity demand of large consumers from the primary and tertiary sectors represents 

36.6% of the total final electricity demand in Spain of these sectors, from 2010 to 2021. 

The final electricity demand of large consumers represents 44.4% of the total final electricity 

demand in Spain, from 2010 to 2021. 

The high participation of large consumers on the total final electricity demand in Spain, gives 

an interesting possibility to develop their capacity to shift or curtail their loads, and help offset 

fluctuations in intermittent renewable generation. 

For future research, estimation of industrial and commercial demand flexibility potential can 

be calculated, to be incorporated into the electricity system and support the energy transition. 
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Climate change and its associated concerns, such as urban heat islands and greenhouse gas 

(GHG) emissions, have become pressing global issues as urbanization continues to rise. The 

construction industry, a major contributor to environmental degradation, demands innovative 

solutions to minimize its ecological footprint. This study aims to explore the potential of green 

façades as an optimal ecological sustainable landscape design to reduce GHG emissions, 

employing Life Cycle Assessment (LCA). By integrating advanced technologies such as Digital 

Twins (DT) and Artificial Intelligence (AI) algorithms, the research seeks to develop a 

comprehensive methodology for sustainable construction and decision-making processes. 

The literature review establishes the critical link between GHG emissions and energy 

consumption in buildings, emphasizing the need for eco-friendly urban design. Nowadays a 

worldwide growing interest in sustainable urban environment is encouraging the application of 

greening technologies for buildings. Within these, green vertical systems play an important role 

with the advantage of not involving land consumption. Vegetated vertical systems include two 

main categories: green façades and living walls (Blanco et al., 2021).Green façades, with their 

multifaceted benefits encompassing economic, social, and environmental aspects, offer an 

 
1 I express my gratitude for the invaluable assistance provided by my advisors, Antonio Garcia Martinez and Cecilio Angulo 
Bahón. 
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effective solution. These benefits include the reduction of the heat island effect, mitigation of 

GHG emissions, climate change adaptation, improved air quality, energy savings through 

insulation, habitat provision, and enhanced aesthetics. In the recent literature, many claims were 

made about the positive influences of living walls. The environmental benefits of living walls 

are; increasing the thermal performance of buildings, improving air quality, mitigating the 

Urban Heat Island effect, reducing noise pollution, improving water sensitive urban design, 

increasing urban biodiversity, and improving human health and wellbeing (Feng & Hewage, 

2014). In the beginning of the eighties Krusche et al., 1982 have estimated that the thermal 

transmittance of a 160 mm plant cover is 2.9 W m−2 K−1. Minke & Witter, 1982 also suggested 

to reduce the exterior coefficient of heat transfer. By reducing the wind speed along a green 

facade the exterior surface resistance coefficient can be equalized to the interior surface 

resistance coefficient as demonstrated by (Perini et al., 2011). Also Eumorfopoulou & 

Kontoleon, 2009 have reported a temperature cooling potential of plant covered walls in a 

Mediterranean climate; the effect was up to 10.8 ◦C. Another study by Wong et al., 2010 on a 

free standing wall in Hortpark (Singapore) with vertical greening types shows a maximum 

reduction of 11.6 ◦C.  

In the urban area, the impact of evapotranspiration and shading of plants can significantly 

reduce the amount of heat that would be re-radiated by facades and other hard surfaces. Besides 

that, the green plant layer will also reduce the amount of UV light that will fall on building 

materials. Since UV light deteriorates the material and mechanical properties of coatings, 

paints, plastics, etc. plants will also have positive effect on durability aspects and on 

maintenance costs (Ottelé et al., 2011). Life-cycle assessment (LCA) outlined by International 

Standards Organization (ISO) (2006) (ISO 14040, 2006) has been widely used for evaluating 

environmental performances of products or processes during their entire life-cycle from cradle 
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to grave or from cradle to gate (Wang et al., 2020). To date, a number of LCA studies have 

been performed to compare the environmental performances of the green roofs and facades 

with traditional infrastructures. Manso et al., 2018 showed results demonstrating that the 

environmental performance differences are due to supporting material and to the replacement 

of materials and plants. Indirect greening systems are characterized by a high environmental 

burden. Some attempts have been made to analyze the contribution of different UGIs to urban 

water management, specifically focusing on the water supply, sewage treatment, and flood 

protection using LCA and other methods (Liu et al., 2016). Vacek et al., 2017 focused on Life 

Cycle Assessment of four semi-intensive green roof assemblies, i.e. common assembly, 

assembly with added extruded polystyrene providing increased thermal resistance and two 

assemblies with hydrophilic mineral wool. Apart from increasing thermal insulation, this 

material also partially substitutes plant substrate and fulfils role of a water reservoir. 

According to this background, considered that there are only a few studies on the sustainability 

of vertical greeneries from a life cycle perspective. The aim of this study is to assess the life 

cycle of vertical green systems in landscaping using BIM and advanced technologies, 

specifically focusing on their potential to reduce GHG emissions. The research aims to 

contribute to sustainable construction practices by developing a comprehensive methodology 

that integrates LCA with DT and AI algorithms. The novelty lies in the application of these 

advanced technologies to analyze the environmental and energy performance of buildings with 

green façades. 

This research method is quantitative and performs a comparative environmental assessment of 

different façades with existing systems for low-GHG residential buildings of neighborhood 

(Polígono San Pablo in Sevilla) and identified the importance of the inclusion of each scenario. 
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A framework is designed to incorporate BIM and Advanced technologies-based Life Cycle 

Assessment (LCA) for reducing the challenges of traditional LCA in achieving green buildings.  

This study intends to achieve the objectives of the research by conducting three phases. In the 

first phase, the current GHG emissions during the LCA of selected buildings are measured. 

Then, in the second phase, the impact of different component of facade alternatives in buildings 

in selected area is presented and the impact of each of them on GHG emissions is examined. In 

the scope of this research project, after detailed research and creation of prototypes for different 

green systems, the alternative potential of vertical green systems to reduce GHG will be 

analyzed with integration of BIM, DT and LCA tools. Data collected via DT can be used to 

record and evaluate the existing state of the buildings, which informs appropriate decisions 

about which facade is most suitable for the building Finally, buildings green facades in 

neighborhood will be designed with the approach of minimum GHG emissions. Furthermore, 

in this study integration of AI technology in relation to BIM and DT will be used. Artificial 

intelligence (AI) is a pre-programmed system that caters to individual users’ preferences for 

various services in various contexts. It allows us to change the temperature, humidity, lighting, 

ventilation speed and electrically controlled. The concept of AI is offered as a smart controller 

with a broader data collection system and a multi-appliance control interface. 

The findings of this study contribute to advancing the understanding of LCA in vertical green 

systems and highlight the use of advanced technologies in sustainable construction practices. 

The results demonstrate the potential of green façades in reducing GHG emissions, improving 

energy efficiency, and enhancing the overall environmental performance of buildings. Through 

LCA and the integration of BIM, AI algorithms, and DT technology, the study provides valid 

estimations of energy and environmental performance throughout a building's life cycle. The 



5 
Bridging Researchers- Developing Transferable 
Skills & Competences for Next-Gen Researchers 
 

 

5 
 

research findings reveal several significant outcomes regarding the life cycle assessment of 

vertical green systems in landscaping and the integration of advanced technologies: 

Current GHG Emissions: The study measured the current GHG emissions of selected buildings 

in Polígono San Pablo, Sevilla. The data analysis revealed the substantial environmental impact 

of traditional building designs and highlighted the need for sustainable alternatives. 

Impact of Facade Components: Through LCA, the research evaluated the impact of various 

facade components on GHG emissions. The analysis demonstrated that integrating green 

façades significantly reduces carbon emissions compared to conventional building designs. The 

incorporation of vegetation, insulation materials, and renewable energy systems proved to be 

effective strategies in minimizing the ecological footprint. 

Integration of BIM and LCA Tools: The study examined the integration of vertical green 

systems into Building Information Modeling (BIM) LCA tools. This integration allowed for 

more accurate and comprehensive assessment of the environmental and energy performance of 

buildings throughout their life cycle. It provided valuable insights into the potential benefits 

and trade-offs associated with different design scenarios. 

Advantages of Advanced Technologies: The utilization of Artificial Intelligence (AI) 

algorithms enabled the analysis of large datasets, revealing functional connections between 

input and output variables. This approach allowed for more precise predictions and optimization 

of building performance. Additionally, the use of Digital Twins (DT) technology facilitated 

real-time monitoring and adjustment of building conditions, leading to more efficient building 

operations. 

Environmental and Economic Benefits: The findings demonstrated that green façades offer 

multifaceted benefits, including the reduction of the urban heat island effect, improved air 

quality, energy savings through insulation, and enhanced aesthetics. These benefits contribute 
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to the overall sustainability and liveability of urban environments. Moreover, the study revealed 

that investments in sustainable construction practices can lead to long-term cost savings due to 

reduced energy consumption and maintenance expenses. 

Overall, the research findings support the notion that vertical green systems, when integrated 

with advanced technologies and analyzed through LCA, provide a viable and effective solution 

for reducing GHG emissions and promoting sustainable construction practices. These findings 

have practical implications for decision-makers in the construction industry, highlighting the 

importance of considering green façades and utilizing advanced technologies in urban design 

projects. 

In conclusion, this study highlights the effectiveness of green façades as an ecological 

sustainable landscape design strategy for reducing GHG emissions in urban environments. The 

research emphasizes the managerial implications of incorporating advanced technologies, such 

as DT and AI algorithms, into the decision-making process of sustainable construction. 

However, certain limitations exist, including the need for further validation of the proposed 

methodology and the specific applicability of the findings to the Polígono San Pablo context. 
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permission from the Royal Society of Chemistry. 

 

Background 

The ongoing evolution of mobile electrically powered devices ranging from smartphones to 

electric cars and beyond demands rapid progress in portable energy storage solutions (Liu et 

al., 2022). As the current Lithium-Ion Batteries (LIBs) approach physical and engineering-

related limits in performance development, alternative battery concepts are receiving increased 

mailto:tjark.ingber@uni-muenster.de
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attention from R&D in companies and academia. Lithium Metal Batteries (LMBs) with Lithium 

(Li) metal-based negative electrodes and layered transition metal oxide-based lithiated positive 

electrodes are among the most promising candidates for future portable energy storage systems 

owing to the very high theoretical specific energy of Li metal (Zhang et al., 2020). To maximize 

the achievable practical energy of an LMB cell by reducing weight and volume as much as 

possible, researchers aim to continuously decrease the amount of surplus Li metal present at the 

negative electrode, reducing the capacity overhang (often referred to as Li excess) of the 

negative electrode in comparison to the positive electrode. The culmination of this research 

trend is the so-called Zero-Excess LMB (ZELMB) that uses only a Li-free current collector as 

the negative electrode, translating to a Li excess of 0% in relation to the Li content of the 

positive electrode (Heubner et al., 2021). 

The operation of ZELMBs is based on the formation of a temporary Li metal layer on the 

negative electrode current collector (henceforth denoted as ‘deposition substrate’) during 

charging, followed by electrochemical dissolution of that layer and reintegration of the Li into 

the positive electrode material during discharging of the battery. Apart from their increased 

specific energy and energy density as compared to conventional LMBs, the absence of Li metal 

at the time of cell assembly also makes ZELMBs cheaper, easier to manufacture, and safer in 

pristine state. However, the lack of a permanent Li metal reservoir means that any loss of Li 

due to reactions with the electrolyte, formation of a Solid Electrolyte Interface (SEI), generation 

of inactive ‘dead’ Li, or other factors directly translates to a decrease of the cyclable capacity 

of the battery (Huang et al., 2021). Therefore, it is of great importance to operate the battery as 

efficiently and free of Li losses as possible, which is indicated by a high Coulombic Efficiency 

(CE).  
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Among the many strategies to achieve maximized CE values such as electrolyte design or 

cycling conditions optimization, tailoring of the negative electrode deposition substrate is of 

key importance. Apart from functional coatings of the surface, researcher attention is also 

devoted to the use of 3D structured deposition substrates. Previous studies have shown that this 

approach can significantly boost the cycling performance and lifespan of ZELMBs (Xie et al., 

2020).  

 

Aim of the study 

The present work shows a detailed exploration of the ZELMB-related Li deposition behavior 

inside an open-porous 3D structured deposition substrate. An open-porous Copper (Cu) 

micro-foam material is created using an optimized templated electrodeposition-based synthesis 

procedure. As a novelty in ZELMB research, cryogenic focused ion beam-enabled scanning 

electron microscopy (Cryo-FIB-SEM) of cross-sections is combined with traditional top-view 

SEM imaging and electrochemical investigations to comprehensively elucidate the Li 

deposition behavior in the created Cu micro-foam. Thereby, this study provides fundamental 

understanding about the Li deposition in an open-porous medium that is currently lacking in 

ZELMB research. 

 

Methodology 

As the template used to create the Cu micro-foams, polylactic acid (PLA) micro-particles are 

synthesized from an emulsion of PLA-carrying dichloromethane (DCM) droplets in an aqueous 

solution of polyvinyl alcohol (PVA). After the DCM has been evaporated under vigorous 

stirring, white PLA micro-particles are obtained by filtration. These micro-particles are mixed 

with ethanol for application to Cu foil discs by drop-casting and dried to create a micro-
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template. Aqueous electrodeposition is then used to fill up the gaps in the template with metallic 

Cu. Finally, dissolution of the PLA template by washing with DCM reveals the prepared Cu 

micro-foam structure. 

The Cu micro-foam negative electrodes are used in a coin cell battery setup together with 

LiNi0.8Co0.15Al0.05O2 (NCA)-based positive electrodes and a liquid electrolyte formulation 

consisting of a mixture of lithium difluoro(oxalato)borate (LidFOB) and lithium 

tetrafluoroborate (LiBF4) in diethyl carbonate (DEC) and fluoroethylene carbonate (FEC). 

After electrochemical deposition of various amounts of Li onto the Cu micro-foams, they are 

retrieved from the cells to analyze the Li distribution using SEM imaging of top-views and 

Cryo-FIB-created cross-sections. Alternatively, the ZELMB coin cells are taken through 100 

full charge/discharge cycles at a current density of 0.2 mA cm-2 to analyze their short-term and 

long-term electrochemical operating behavior. 

 

Results and discussion 

 

Figure 1. (a) Synthesis route used to fabricate Cu micro-foams via an optimized templated 

electrodeposition approach. (b) Top-view SEM image of the created Cu micro-foam material.  
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Adapted from (Ingber et al., 2023) with permission from the Royal Society of Chemistry. 

Figure 1 shows an overview of the applied Cu micro-foam synthesis route as well as a top-view 

SEM image of the prepared material. The micro-foam shows a highly interconnected network 

of spherical open pores that offer high accessibility for the liquid electrolyte and a large internal 

volume for the accommodation of Li metal.  

Figure 2 depicts the Li deposition behavior in the created Cu micro-foam in comparison to a 

flat Cu foil. Apparently, the Li electrodeposition covers the surface of the Cu micro-foams to a 

lesser extent (Figure 2b,c) as compared to a flat Cu foil (Figure 2f,g) at equal deposition 

conditions. While the Cu foil is almost completely overgrown with Li structures (seen in dark 

grey) after a Li amount equal to 1.0 mAh cm-2 was deposited, less than half of the Cu micro-

foam surface is covered in Li metal after the same treatment. The main reason for this is the 

open-porous morphology of the Cu micro-foam that allows for extensive storage of Li metal in 

surface and sub-surface pores (Figure 2d), thereby minimizing surface coverage. Also, the 

much larger surface area of the micro-foam compared to the flat foil facilitates a wider 

distribution of the electrical current applied for electrodeposition, which leads to a lower local 

current density at the micro-form surface. In turn, this allows for the formation of denser Li 

metal structures that occupy less space on the micro-foam surface but fit well into the pores.  



6 
Bridging Researchers- Developing Transferable 
Skills & Competences for Next-Gen Researchers 
 

 

 

 

Figure 2. Top-view SEM images of pristine (a) Cu micro-foam and (e) Cu foil substrates 

compared to metallic Li (seen in dark grey) deposited on (b-c) Cu micro-foams and (f-g) Cu 

foil. (d) Cross-sectional cryo-FIB-SEM image of Li electrodeposited inside the pores of a Cu 

micro-foam. Li amounts equal to (b,d,f) 0.2 mAh cm-2, and (c,g) 1 mAh cm-2 were deposited 

using a current density of 0.1 mA cm-2. Adapted from (Ingber et al., 2023) with permission from 

the Royal Society of Chemistry. 

The observed deposition mode is beneficial for the operation of ZELMBs as it reduces volume 

fluctuation of the deposition substrate during charging and discharging, avoiding excessive 

mechanical stress that can wear down the components of the battery quickly. Also, the dense 

deposition morphology mitigates the harmful formation of so-called high surface area lithium 

(HSAL) that is a common problem for LMBs as it leads to low CEs and increases the risk of 

potentially dangerous short-circuits. Furthermore, the lower surface area of the Li 

electrodeposition structures on the Cu micro-foam reduces the amount of detrimental 

decomposition reactions between the Li and the liquid electrolyte, thereby contributing to a 

better conservation of the Li inventory in the battery. 

The positive effects of using the Cu micro-foam as the ZELMB deposition substrate is also 

apparent from the electrochemical investigation results in Figure 3. The voltage profiles in 
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Figure 3a-b show that the nucleation overpotential of Li electrodeposition is lower for Cu 

micro-foams than for Cu foil due to the larger surface area and more distributed current density, 

leading to a lower activation barrier. On the other hand, the micro-foam’s larger surface area 

also causes the slower drop of the respective voltage curve, representing a higher amount of 

charge-consuming surface reactions that happen before the start of the Li deposition. 

 

Figure 3. (a-b) Voltage vs. transferred charge profiles acquired during the early phase of 

galvanostatic Li electrodeposition on Cu foil (red) and Cu micro-foam (blue) current collectors. 

Nominal current density: (a) 0.1 mA cm-2 or (b) 0.5 mA cm-2. The insets show zoomed-in views 

of the voltage area relevant for Li nucleation. (c) Coulombic efficiency and average discharge 

capacity for charge/discharge cycling of NCA || Cu foil (red) or NCA || Cu micro-foam (blue) 

cells with a current density of 0.2 mA cm-2 (0.2 C) for 100 cycles at 40 °C. Adapted from (Ingber 

et al., 2023) with permission from the Royal Society of Chemistry. 

Figure 3c reveals that this higher initial charge consumption results in lower first cycle CE and 

discharge capacity values for cells with the Cu micro-foam compared to Cu foil. However, due 

to the aforementioned superior Li electrodeposition morphology, the Cu micro-foam-

containing cells soon show a much better evolution of the CE and capacity curves than the Cu 



8 
Bridging Researchers- Developing Transferable 
Skills & Competences for Next-Gen Researchers 
 

 

 

foil-based cells. Specifically, the micro-foam cells’ CE is continuously above 97% and the cells 

still have a substantial amount of cyclable capacity left after 100 cycles, while the Cu foil cells 

already lost all their capacity at that point due to severe fluctuations in the CE. 

 

 

Conclusion, implications, limitations 

For the first time in ZELMB research, the combination of cryo-FIB-enabled and traditional 

SEM imaging reveals the favorable and dense Li electrodeposition morphology occurring in an 

open-porous Cu micro-foam substrate that was created using an optimized templated 

electrodeposition route.  Electrochemical investigations show that the usage of these micro-

foams as deposition substrates in ZELMBs boosts the cycling stability, leading to a longer cycle 

life. These results highlight that 3D-structured porous deposition substrates can be a promising 

building block for the development of application-ready ZELMBs. Also, ZELMBs using the 

open-porous Cu micro-foam deposition substrate can serve as stable-running analytical tools to 

analyze the Li charge/discharge cycling behavior in detail without hiding potential problems 

behind a mask of high Li excess. To maximize the achievable cycle life of ZELMBs using the 

Cu micro-foams, future studies can optimize the Li uptake properties of the deposition substrate 

by tailoring the geometrical and chemical characteristics, enabling deposition of Li metal 

further down in the pore network while reducing the amount of unused pore space in the micro-

foams. 
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The phenomenon of global warming poses a significant challenge worldwide, with buildings 

accounting for nearly 40% of final energy consumption and approximately 35-50% of CO2 

emissions, making them a key focus in the European Strategy for Energy and Climate Change. 

To address this issue, this study aims to identify the refurbishment strategy with the lowest 

environmental impact using Life Cycle Assessment (LCA) and assess the best solution for 

enhancing the thermal resistance of buildings while minimizing CO2 emissions. The research 

also explores the integration of advanced technologies, such as Digital Twins (DT) and 

Artificial Intelligence (AI) algorithms, to support sustainable construction and decision-making 

processes. 

Buildings play a significant role in contributing to global energy consumption and CO2 

emissions. Extensive research efforts by the International Energy Agency (IEA) and the 

European Commission (EC) have emphasized the need to reduce energy consumption and CO2 

emissions from buildings, aiming for an 80% reduction in global emissions by 2050. Housing 

refurbishment could be classified under two major approaches such as the measure approach 

and the whole‐house approach. The measure approach focuses on the installation of an 
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individual refurbishment measure such as cavity wall insulation, loft insulation and double-

glazing installation. In contrast, the whole‐house approach considers all the potential 

refurbishment measures holistically, including the fabric, the services and renewable energy 

systems (Kim, 2015). In the pursuit of more sustainable building practices, life cycle assessment 

(LCA) is recognized as a key method for investigating the potential environmental impacts of 

materials, products, systems, or the entire building (Thibodeau et al., 2019). Regarding 

rehabilitated building LCA, the literature review have been established. Itard & Klunder, 2007 

have examined different life cycle aspects of two post-war residential blocks in the Netherlands. 

The study applied four different scenarios on each building: simple maintenance, envelope 

refurbishment, extensive intervention and replacement. Though the study does not explain how 

calculations have been made, both case studies showed that replacement was the worst option, 

while envelope refurbishment and extensive intervention were the best. Erlandsson & Levin, 

2004 have evaluated the national-scale impact of refurbishments and new buildings in Sweden 

and presented a detailed analysis of a single case study complex over 30 years. The study 

concluded that refurbishments had reached better life cycle energy performance. It is hard to 

understand from the study, however, how the newbuilding was designed, and which energy-

performance measures were implemented in it.  

Alba-Rodríguez et al., 2017 have examined the refurbishment of an existing residential block 

in Seville, Spain, and compared it with its replacement. The building had suffered damages 

during its construction and was therefore assessed for its refurbishment or replacement. The 

analysis showed that even in the case of a severely damaged building, the refurbishment 

alternative resulted with a better environmental and economic impacts. Gaspar & Santos, 2015 

have compared the extensive refurbishment and the replacement of a single-family house in 

Portugal. Both the refurbishment and the new building in the study were the same (i.e., though 
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it was possible to improve the design in the newbuilt option, this has not been done). As the 

only difference between the two alternatives was their embodied energy (which was far greater 

in the replacement alternative), the expected conclusion was that the new building had higher 

overall energy consumption.  

Furthermore, in this literature review studies be found that aim at determining if, from a life 

cycle perspective, it is environmentally better to rehabilitate than to demolish and rebuild. 

Meijer & Kara, 2012 conclude that the expected building service life and the operational energy 

after rehabilitation determine the decision to either rehabilitate or rebuild the building regarding 

environmental performance. Hence, when the building service life is longer than 30 years and 

the operational energy savings obtained with a new building are high compared to rehabilitation 

scenarios, the new building scenario is the best option; otherwise rehabilitation scenarios are 

preferable. Weiler et al., 2017 show that the refurbished building achieving the highest energy 

efficiency standard results in the lowest life cycle energy consumption and greenhouse gas 

emissions when compared with a less ambitiously refurbished building or a new building 

meeting current standards. De Angelis et al., 2013 show that the rehabilitation option is 

preferable to the new building scenario, since the new building suffers from the rebuilding 

phase, which accounts for 35–40% of its life cycle potential impacts. 

According to this background, the integration of energy assessment and environmental analysis 

of insulation materials can represent an added value in the refurbishment process of buildings. 

Against this background, the present paper represents a further investigation of advanced 

technologies, such as Digital Twins (DT) and Artificial Intelligence (AI) algorithms, which 

adds novelty to the field of sustainable construction and decision-making processes. Aim of this 

study is to address the environmental impact of building refurbishment in Spain by using Life 

Cycle Assessment (LCA) as a tool to evaluate different strategies and integration of LCA with 
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advanced technologies. The primary goal is to identify the refurbishment approach that achieves 

the lowest environmental impact while simultaneously enhancing thermal resistance and 

minimizing CO2 emissions.   

This research method is quantitative and adopts a case study (buildings of Polígono San Pablo 

in Sevilla) that performs a environmental assessment of insulated materials in different parts of 

residential buildings of neighborhood in Spain for high thermal resistance and low-Co2. To 

simulate the building, the BIM tool is used to formulate LCA refurbishment alternatives. In the 

first phase, the study measures the current carbon emissions and energy consumption of selected 

buildings in Polígono San Pablo, Sevilla. Data collection involves conducting energy audits and 

gathering information on the existing building conditions. Subsequently, the impact of different 

insulating materials for whole-house refurbishment is assessed, examining their influence on 

CO2 emissions and energy use. This study intends to achieve the objectives of the research by 

conducting three phases. In the first phase, the current carbon emissions and energy use of 

selected buildings in Spain are measured. Then, in the second phase, the impact of different 

insulating materials for whole-house refurbishment in selected buildings are presented and the 

impact of each of them on CO2 emissions and energy use is examined. This is achieved by 

developing a methodology for incorporating BIM and DT -based Life Cycle Assessment (LCA) 

to calculate highly detailed material quantities. Data collected via DT can be used to record and 

evaluate the existing state of the buildings, which informs appropriate decisions on whether the 

building needs to be repaired, simply maintained, or retrofitted. Finally, buildings will be 

restored with the approach of minimum CO2 emissions and energy consumption. Furthermore, 

in this study integration of AI technology in relation to BIM and DT will be used. Artificial 

intelligence (AI) is a pre-programmed system that caters to individual users’ preferences for 

various services in various contexts. It allows us to change the temperature, humidity, lighting, 
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ventilation speed and electrically controlled. The concept of AI is offered as a smart controller 

with a broader data collection system and a multi-appliance control interface. 

To accomplish this, a comprehensive methodology is developed to utilize Building Information 

Modelling (BIM) LCA tools, enabling the calculation of highly detailed material quantities and 

environmental impacts.The findings of this study contribute to the advancement of sustainable 

building refurbishment practices and emphasize the significance of integrating advanced 

technologies. Through the analysis of different refurbishment scenarios using BIM LCA tools 

and AI algorithms, the study identifies the most sustainable options during the strategic phase. 

The results demonstrate the potential of advanced technologies and Life Cycle Assessment 

(LCA) in guiding sustainable building refurbishment processes, enabling informed decision-

making and improved environmental performance. 

The study conducted a detailed assessment of building refurbishment strategies in the Polígono 

San Pablo area, Sevilla, Spain, using Life Cycle Assessment (LCA) methodology and advanced 

technologies. The following specific findings were obtained: 

Current carbon emissions and energy use: The study measured the carbon emissions and energy 

consumption of selected buildings in Polígono San Pablo. The analysis revealed significant 

variations in energy performance and CO2 emissions among the buildings, highlighting the 

potential for improvement through refurbishment. 

Impact of insulating materials: The research evaluated the environmental impact of different 

insulating materials used in whole-house refurbishment. The findings demonstrated that the 

choice of insulation material significantly influenced CO2 emissions and energy use. Materials 

with higher thermal resistance resulted in reduced energy consumption and lower carbon 

emissions throughout the building's life cycle. 
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Integration of advanced technologies: The study explored the integration of Digital Twins (DT) 

and Artificial Intelligence (AI) algorithms to support sustainable construction and decision-

making processes. The findings showcased the potential of DT technology to capture real-time 

building conditions and enable efficient building operation. AI algorithms demonstrated their 

capability to identify correlations within large datasets, facilitating the identification of 

functional connections between input and output variables. 

Environmental performance optimization: By utilizing BIM LCA tools, the research enabled 

the analysis of different refurbishment scenarios. The findings emphasized the importance of 

considering the entire life cycle of buildings to achieve optimal environmental performance. 

The study identified strategies that reduced energy consumption and minimized CO2 emissions, 

contributing to the overall sustainability of building refurbishment projects. 

The obtained results provide evidence for the effectiveness of integrating advanced 

technologies, such as DT and AI algorithms, with LCA methodology in guiding sustainable 

building refurbishment processes. These findings support decision-making in sustainable 

construction practices and highlight the potential for significant environmental improvements 

in the Polígono San Pablo area. 

In conclusion, this study highlights the potential of advanced technologies and Life Cycle 

Assessment (LCA) in guiding sustainable building refurbishment processes. The integration of 

Building Information Modelling (BIM) tools, Digital Twins (DT), and AI algorithms offers 

valuable support for decision-making in sustainable construction practices. The managerial 

implications suggest the adoption of these tools to enhance the environmental performance of 

building refurbishment projects. However, limitations exist, including the need for further 

validation of the proposed methodology and the specific applicability of the findings to the 

Polígono San Pablo context. 
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The urbanization process is one of the most important complex issues that promote rapid social 

and economic development in major cities and metropolises as a result of conflict with the 

natural environment (Papageorgiou et al., 2021). Urban growth and development lead a range 

of social, economic and environmental issues(Falah et al., 2020). Therefore, it is necessary to 

pay attention to the development process of the city and coordinate it with the components of 

sustainable development (Vinante et al., 2021) , given that understanding the process and pattern 

of urban growth and anticipating future changes is essential to achieving sustainable urban 

development (Taravat et al., 2017). Therefore, evaluation the process of urbanization should 

appear in harmony with some areas such as sustainability (Gravagnuolo et al., n.d.-a). It is 

important to create models that can simulate the process of urbanization (Wang et al., 2020), 

and evaluate the amount of sustainability of the cities. For this model it is necessary to 

recognizing innovation and practical indicators for evaluation sustainability. The important 

point about circularity tools is following the aims and goals of sustainability (Corona et al., 

2019) but with the more innovation point of closing loop of development. Also, it is necessary 

to recognize the patterns of development and apply it to the urban evaluation sustainability 

(Parchomenko et al., 2019a). This integration between circularity tools (for selecting related 

indicators and framework) and innovation evaluation systems (for evaluation the amount of 
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sustainability) will introduce more balanced view of the entire urban planning process and it 

will make easier to achieve the goals of sustainable urban development (Saidani et al., 2019b). 

Based on the concepts of evaluation between city’s process conditions and amount of 

sustainability (Williams, 2022), circular indicators and temporal techniques are implemented 

for monitoring and evaluation urban development and evaluate the future of the city based on 

different alternatives by using strategic environmental assessment (SEA) (Geissdoerfer et al., 

2017). The main question of this work is; How can mixed Strategic sustainability and an 

innovation and comprehensive indicators based on circularity for evaluation, monitoring and 

predicting the condition of city’s processing?  

 

Literature review: 

Circularity and sustainability are two concepts that have gained significant attention in recent 

years (Niyommaneerat et al., 2023)due to their potential to address pressing global challenges 

such as climate change, resource depletion, and environmental degradation(Daglis et al., 2023). 

While both concepts share some similarities in terms of their focus on reducing environmental 

impact (Bote Alonso et al., 2022)., there are also some key differences between circularity and 

sustainability in terms of their aims and goals(de Oliveira & Oliveira, 2023) 

The sustainable development as a modern approach was introduced as a solution for the 

development issue in the world (Moraga et al., 2019). The sustainable development consists of 

three dimensions, i.e., economic development, environmental protection, and social equity 

(Vinante et al., 2021) . The importance of sustainable development is obvious but selecting 

criteria and indicators for evaluation sustainability can be as the most important tool and direct 

trend towards sustainability (Nikolaou et al., 2021), which in the most of previous researches 
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are used some specific and fix indicators based on linear frameworks from previous experiences 

and research backgrounds (Saidani et al., 2019b). But circularity offers a novel pathway to 

sustainable development as a driver for sustainability(García-Barragán et al., 2019). Therefore, 

sustainability assessment should adapt to the new circularity paradigm (Calisto Friant et al., 

2023). Circularity contributes to a more sustainable, but not all sustainability initiatives 

contribute to circularity. Circularity and sustainability stand in a long tradition of related 

visions, models and theories (Suárez-Eiroa et al., 2019). The need to clarify ‘sustainability’ and 

‘circular economy’ (CE) and their interrelationship has been increasing (Barreiro-Gen & 

Lozano, 2020). Circularity, especially circular economics is a way of implementing the 

Sustainable Development Goals (SDGs)(Kirchherr et al., 2023), This relation is statistically 

significant between some indicators of the CE and SDGs and between some indicators of the 

CE and the average value of the fulfillment of SDGs(Suárez-Eiroa et al., 2019). the circular 

economy is increasingly considered not only in the context of industrial transformations, but 

also as a promising pathway to achieve sustainable urban development(Chen, 2021). framework 

of CE consists of three separate levels (Kirchherr et al., 2017),the micro system(e.g., circular 

business model, circularity of product, circular consumption ) perspective often considers 

products, individual companies, and what needs to happen to increase their circularity as 

consumers as well, the mesosystems (e.g., industrial ecology, industrial symbiosis and eco-

clusters) perspective generally focuses on eco-industrial parks as systems and this level is also 

called the "regional level" sometimes, and the macrosystems(e.g., city, region, nation and 

beyond, circular economy policy tools) (Nikolaou et al., 2021). 

 It is obvious the most of the experiences of using circularity frameworks back to the scale of 

micro and meso and it is increasingly important to map CE frameworks that can be applied at 
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the scale of city (Williams, 2022) and measure the level of circularity in cities (Kristensen & 

Mosgaard, 2020). There are only a few studies that focus on indicators for measuring circularity 

at the level of city (Calisto Friant et al., 2023). 

On the other hand, urban expansion is a multifaced phenomenon(Hosseini & Hajilou, 2018) that 

involving adverse changes in land use and land cover (LULC)(Wang et al., 2020). Accelerated 

urbanization process have increased the pressure on the natural environment (Taravat et al., 

2017). Sustainable urban development as a dynamic process (Kristensen & Mosgaard, 2020) 

consists to maintain the balance among the “Triple Bottom Lines” of sustainability (economic, 

environmental, and social), promote the urbanization process, and minimize the environmental 

impacts (Papageorgiou et al., 2021). Therefore, based on definition of urbanization process, 

sustainable urbanization targets can be used to assess sustainable development (Vinante et al., 

2021) and based on related between circularity and sustainability, the outcomes of the circularity 

frameworks are proposed as a starting point for a specific framework for the evaluation of 

urbanization processes (Papageorgiou et al., 2021). That framework could be useful to have a 

comprehensive view for achieving circularity and sustainability targets. Therefore, three main 

lines must be studied; 1. circularity, 2. sustainability and 3. urbanization that each of them 

included especial keywords and steps of studies and them relation between them must be 

evaluated. 

 

Aim of the study: 

Developing a methodology to integrate environmental, economic and social indicators based on 

circular framework (circularity goals moving in line with the Sustainable Development Goals) 

and adaptability of the urbanization process with circularity tools is an innovative idea presents 
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practical and constructive solutions to promote the development situation of different city. 

Therefore, the main goal of this thesis is: introduce, develop and design a comprehensive 

methodology for Strategic Evaluation of urbanization sustainability based on circularity 

indicators and predicting the future of sustainability in the scale of city. 

 

Methodology: 

The methodology will be based on the mixed approach (descriptive and analytic) with one 

specific goal,” evaluation condition of sustainability”. Some researchers have used just 

mathematical and statistical models for analyzing and predicting urban development 

sustainability. Their aims are to detect and monitor temporal and spatial variations in the urban 

expansion and land cover land use change (LULC) by using remote sensing technology, change 

detection technique and geographic information system (GIS).  

In this study in one way, by using remote sensing process (Landsat satellite images, spatial and 

temporal dynamics and indicators of change detection) will be evaluate the amount, process 

and type of detection in LULC (infill or sprawl) during the past 20 years that the result of this 

step will be some maps that will show the process and amount of changing in city. Also, on the 

other hand, focus on recognizing different circularity tools and classification and normalization 

criteria and indexes which are related to the sustainability and by selecting a/some 

methodology/s (such as FANP), amount of sustainability will be evaluate (for compare the trend 

of urbanization and the sustainability of the process). Then the trend of urbanization and 

sustainability in scale of city in different contexts and situations can be compared based on the 

sustainability dimensions factors, selected indicators of circularity and results of remote 

sensing. 
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There are some limitations to access to the data and information (access to plans and projects 

of the city, up-to-date document, maps and satellite images). Therefore, it is must to make a 

correlation between indexes and available documents and also normalize different quantitative 

and qualitative indicators. Based on the main goal, some multifaced methods will be used 

(remote sensing and MCDM (Multiple Criteria Decision Making)), for comparing them, it is 

necessary to introduce methods for overlapping and normalize these maps to the one specific 

map. For example, for overlapping data and basement maps; using GIS, for analyzing and 

evaluation different trend and amount of sustainability; using techniques such as SPSS 

regressions, Delphi model, SWOT and PEST analysis at the end by using different strategic 

evaluation systems (such as SEA) the future trend of city will be predicted and some alternatives 

for achieving more sustainable city in order to circular indicators and strategic point of view in 

2032 will be introduced.  

As a case study, decided to apply to city of Seville (Spain) because Seville always committed 

to all actions related to sustainable development; such as Agenda 21, Agenda 2030 and the 

sustainable development goals (SDG). Also, following GAUS (guide for a more sustainable 

architecture and urbanism), which makes it as a suitable case study to experiment, evaluate and  

monitor future trend of circularity and sustainability. 

 

 
Expected results:  

The main expected results and achievements will be as following;  

• Understanding about the degree of applicability of circularity indicators in the scale of city. 

• Introducing a mixed innovation strategic view based on circularity and sustainability.   

• Designing a scientific link between circularity and urbanization process for achieving 
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sustainable development in the city of Seville. 

• Knowledge about the trend, level and amount of sustainability in the city of Seville for a 

period of 20 years from 2002 to 2022. 

• Comparing the different types of urbanization process in Seville city from 2002 to 2022 and 

define urban circularity in case study. 

• Having a sustainable model to monitor and predict the process of the sustainable 

development. 
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