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​Article​ ​investigates​ ​the​ ​strategic​ ​and​ ​quantitative​ ​role​ ​of​ ​human​ ​capital​
​innovations​ ​in​ ​accelerating​ ​sustainable​ ​socioeconomic​ ​development​ ​and​
​facilitating​ ​the​​integration​​of​​green​​energy​​technologies​​within​​the​​global​​energy​
​sector.​ ​As​ ​a​ ​foundational​ ​component​ ​of​ ​modern​​economies,​ ​the​​energy​​industry​
​supports​ ​industrial​ ​production,​ ​transportation​ ​networks,​ ​and​ ​essential​ ​societal​
​infrastructure.​ ​In​​the​​midst​ ​of​ ​the​​global​​shift​ ​toward​​sustainability,​​strengthening​
​human​ ​capital—through​ ​advanced​ ​managerial​ ​practices,​ ​capacity​ ​building,​ ​and​
​data-driven​ ​decision-making—has​ ​become​ ​increasingly​ ​vital​ ​as​ ​organizations​
​adopt​ ​renewable​ ​and​ ​low-carbon​ ​energy​ ​systems.​ ​Using​ ​a​ ​bibliometric​ ​and​
​scientometric​ ​approach,​ ​this​ ​study​ ​examines​ ​a​ ​broad​ ​range​ ​of​ ​academic​
​publications,​​including​​journal​​articles,​​conference​​proceedings,​​and​​book​​chapters​
​sourced​ ​from​ ​major​ ​scholarly​ ​databases.​ ​Through​ ​VOSviewer-based​ ​network​
​clustering​ ​and​ ​quantitative​ ​mapping​ ​techniques,​ ​the​ ​research​ ​identifies​ ​key​
​thematic​​patterns,​​knowledge​​structures,​​and​​emerging​​trajectories​​within​​the​​field.​
​The​​findings​​indicate​​that​ ​human​​capital​ ​development—reinforced​​by​​managerial​
​innovation,​ ​mathematical​ ​modelling,​ ​and​ ​quantitative​ ​evaluation​
​frameworks—serves​ ​as​ ​a​ ​crucial​ ​driver​ ​of​ ​sustainable​ ​growth​ ​and​ ​operational​
​efficiency​ ​across​ ​the​ ​global​ ​energy​ ​landscape.​ ​The​ ​growing​ ​academic​ ​focus​ ​on​
​human​​capital​ ​in​​the​​energy​​sector,​​both​​within​​Russia​​and​​the​​wider​​international​
​community,​ ​highlights​ ​the​ ​increasing​ ​importance​ ​of​ ​skilled,​ ​innovative,​ ​and​
​analytically​​proficient​ ​human​​resources​​in​​enhancing​​green​​energy​​transitions​​and​
​informing​ ​future​ ​policy​ ​directions.​ ​Overall,​ ​the​ ​study​ ​underscores​ ​the​ ​need​ ​for​
​integrated​ ​managerial​ ​strategies​ ​and​ ​analytical​ ​tools​​to​​strengthen​​human​​capital​
​capabilities,​ ​improve​ ​organizational​ ​performance,​ ​and​ ​support​ ​a​ ​resilient,​
​sustainable, and technologically advanced energy ecosystem.​​.​
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​Introduction:​
​Human​ ​capital​ ​encompasses​ ​the​ ​comprehensive​ ​set​ ​of​ ​skills,​ ​knowledge,​ ​abilities,​ ​and​
​attributes​​possessed​​by​​individuals​​within​​a​​society​​or​​workforce.​​It​​includes​​both​​the​​formal​
​education​ ​and​ ​training​ ​individuals​ ​acquire,​ ​as​ ​well​ ​as​ ​the​ ​tacit​​expertise​​developed​​through​
​practical​ ​work​ ​experiences​ ​[1,​ ​2].​ ​This​ ​intangible​ ​asset​ ​is​ ​essential​ ​for​ ​driving​ ​the​
​socioeconomic​ ​growth​ ​of​ ​organizations,​ ​particularly​ ​within​ ​the​ ​energy​ ​sector.​ ​Strategic​
​enhancement​ ​of​ ​human​​capital​​significantly​​influences​​the​​evolution​​and​​competitiveness​​of​
​regions​ ​dominated​ ​by​ ​the​ ​energy​ ​and​ ​fuel​ ​industry​ ​by​ ​fostering​ ​innovation,​ ​facilitating​
​adaptation​ ​to​ ​technological​ ​shifts,​ ​and​ ​improving​ ​overall​ ​efficiency​ ​and​ ​creativity​ ​[3–5].​
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​Investments​ ​aimed​ ​at​ ​strengthening​ ​employees’​ ​intellectual​ ​capabilities,​ ​skillsets,​ ​and​
​well-being—such​ ​as​ ​professional​ ​development​ ​initiatives—substantially​ ​enrich​ ​an​
​organization’s​ ​human​​capital​​base​​[6].​​A​​skilled​​and​​proficient​​workforce​​not​​only​​enhances​
​operational​ ​efficiency​ ​within​ ​companies​ ​but​ ​also​ ​contributes​ ​to​ ​the​ ​broader​ ​socioeconomic​
​development​​of​​the​​surrounding​​region.​​Well-trained​​employees​​attract​​additional​​investment​
​from​ ​industries​ ​seeking​ ​qualified​ ​labor,​ ​resulting​ ​in​ ​job​​creation,​​rising​​wages,​​better​​living​
​standards,​ ​poverty​ ​reduction,​ ​social​ ​progress,​ ​and​ ​sustained​ ​economic​ ​growth​ ​[7,​ ​8].​
​Moreover,​ ​investing​ ​in​ ​human​ ​capital​ ​plays​ ​a​ ​pivotal​ ​role​ ​in​ ​supporting​ ​innovation​ ​and​
​entrepreneurial​ ​activity,​ ​as​ ​highly​ ​skilled​ ​individuals​ ​are​ ​more​ ​inclined​ ​to​ ​establish​ ​new​
​ventures​​that​​diversify​​the​​economy​​and​​open​​new​​commercial​​opportunities​​[9].​​The​​energy​
​sector,​ ​encompassing​ ​the​ ​exploration,​ ​extraction,​ ​processing,​ ​and​​distribution​​of​​fossil​​fuels​
​such​ ​as​​oil,​​gas,​​and​​coal,​​thus​​has​​a​​profound​​influence​​on​​the​​socioeconomic​​development​
​of​ ​the​ ​regions​ ​where​ ​energy​ ​firms​ ​operate​ ​[10,​ ​11].​ ​One​ ​of​ ​the​ ​core​ ​advantages​ ​of​ ​human​
​capital​​investment​​in​​this​​industry​​is​​the​​creation​​of​​skilled​​employment​​opportunities,​​as​​the​
​sector​ ​depends​ ​heavily​ ​on​ ​technically​ ​capable​ ​labor​ ​to​ ​operate​ ​efficiently​ ​[12].​ ​Such​
​investments​​not​​only​​secure​​livelihoods​​for​​individuals​​but​​also​​stimulate​​regional​​economies​
​through​ ​higher​ ​income​ ​generation.​ ​Beyond​ ​job​​creation,​​human​​capital​​development​​fosters​
​innovation,​ ​technological​ ​advancement,​ ​and​ ​productivity,​ ​enabling​​economic​​diversification​
​as​​new​​business​​sectors​​emerge​​or​​existing​​ones​​expand,​​driven​​by​​improved​​access​​to​​energy​
​resources​​[13].​​However,​​investments​​in​​human​​capital​​within​​the​​energy​​and​​fuel​​sector​​may​
​also​ ​inadvertently​ ​reinforce​ ​socioeconomic​ ​inequalities​​across​​regions​​or​​countries​​[14,​​15].​
​This​ ​issue​ ​is​ ​particularly​ ​relevant​ ​in​ ​the​ ​context​ ​of​ ​Russia,​ ​where​ ​uneven​ ​development​
​patterns and resource dependency have long shaped regional disparities [16–18].​
​Research Gaps:​
​1.​ ​Limited​ ​Integration​ ​of​ ​Human​ ​Capital​ ​Models​ ​with​ ​Green​ ​Energy​ ​Transition​
​Frameworks​
​Existing​ ​studies​ ​often​ ​examine​ ​human​ ​capital​ ​development​ ​or​ ​green​ ​energy​ ​transitions​
​separately,​ ​without​ ​offering​ ​an​ ​integrated​ ​framework​ ​that​ ​explains​ ​how​ ​human​ ​capital​
​innovation directly accelerates renewable energy adoption and operational sustainability.​
​2. Insufficient Exploration of Managerial Excellence in Energy Sector Transformation​
​While​​managerial​​innovation​​is​​frequently​​acknowledged,​​research​​is​​lacking​​on​​how​​specific​
​managerial​ ​competencies,​ ​leadership​ ​styles,​ ​and​ ​decision-making​ ​models​ ​influence​ ​green​
​energy implementation and long-term sustainability strategies.​
​3.​ ​Scarcity​ ​of​ ​Quantitative​ ​Models​ ​Linking​ ​Human​ ​Capital​ ​to​ ​Sustainable​ ​Energy​
​Outcomes​

​Although​ ​conceptual​ ​discussions​ ​exist,​ ​there​ ​is​ ​still​​a​​shortage​​of​​quantitative,​​empirical,​​or​
​simulation-based​ ​models​ ​that​ ​measure​ ​the​ ​impact​ ​of​ ​human​ ​capital​ ​capabilities​ ​on​ ​energy​
​efficiency, carbon reduction, or technological adoption rates.​

​4. Limited Evidence from Emerging Economies and Transitioning Energy Markets​

​Much​ ​of​ ​the​ ​existing​ ​literature​ ​focuses​ ​on​ ​advanced​ ​economies.​ ​Research​ ​gaps​ ​persist​
​regarding:​

​●​ ​how emerging economies develop green-skilled workforces,​
​●​ ​how managerial innovation evolves under resource constraints, and​
​●​ ​how human capital challenges shape green energy pathways in these contexts.​



​5.​ ​Underdeveloped​ ​Understanding​ ​of​ ​Digital​ ​Technologies​ ​as​ ​Enablers​ ​of​ ​Human​
​Capital Innovation​
​With​​the​​rise​​of​​AI,​​analytics,​​and​​digital​​learning​​platforms,​​there​​is​​limited​​research​​on​​how​
​data-driven​ ​tools,​ ​digital​ ​training​ ​ecosystems,​ ​and​ ​smart​ ​workforce​ ​platforms​ ​accelerate​
​managerial excellence and human capital readiness for sustainable energy transitions.​
​6.​ ​Insufficient​ ​Longitudinal​ ​Analysis​ ​of​ ​Workforce​ ​Transformation​ ​During​ ​Energy​
​Transition​
​Most​ ​studies​ ​provide​ ​static​ ​insights.​ ​There​ ​is​ ​a​ ​gap​ ​in​ ​understanding​ ​how​ ​human​ ​capital​
​evolves​​over​​time​​as​​the​​energy​​sector​​moves​​from​​fossil-based​​systems​​to​​renewable-centric​
​infrastructures.​
​7.​ ​Lack​ ​of​ ​Cross-Disciplinary​ ​Approaches​ ​Linking​ ​Management​ ​Science,​ ​Energy​
​Studies, and Human Development​
​Research​ ​remains​ ​siloed​ ​within​ ​specific​ ​disciplines.​ ​There​ ​is​ ​a​ ​need​ ​for​ ​integrated​ ​studies​
​combining:​

​●​ ​energy systems engineering,​
​●​ ​organisational management,​
​●​ ​behavioral sciences, and​
​●​ ​human resource innovation.​

​Such​​cross-disciplinary​​integration​​is​​essential​​to​​capture​​the​​full​​dynamics​​of​​a​​green​​energy​
​workforce.​
​8.​ ​Limited​ ​Evaluation​ ​of​ ​Policy​ ​Instruments​ ​Supporting​ ​Human​ ​Capital​ ​for​ ​Green​
​Energy​
​Policy​ ​literature​ ​has​ ​not​ ​sufficiently​ ​examined​ ​how​ ​governmental​ ​policies,​ ​incentives,​ ​and​
​regulatory​​mechanisms​​foster​​or​​hinder​​human​​capital​​innovation​​and​​managerial​​excellence​
​in renewable energy sectors.​

​Research Question and Objective:​
​The​ ​central​ ​research​ ​question​ ​addressed​ ​in​ ​this​ ​article​ ​is:​ ​How​ ​does​ ​investment​ ​in​ ​human​
​capital​ ​influence​ ​the​ ​transition​ ​to​ ​green​ ​energy​ ​technologies​ ​within​ ​the​ ​energy​ ​sector,​ ​and​
​what​ ​are​ ​the​ ​socioeconomic​ ​outcomes​ ​of​ ​these​ ​investments​ ​across​ ​different​ ​regions?​ ​The​
​primary​ ​objective​ ​of​ ​this​ ​study​ ​is​ ​to​ ​systematically​ ​analyze​ ​the​ ​impact​ ​of​ ​human​ ​capital​
​investments​ ​on​ ​the​ ​adoption​ ​and​ ​effectiveness​ ​of​ ​green​ ​energy​ ​technologies​ ​in​ ​the​ ​energy​
​sector.​ ​Specifically,​ ​we​ ​aim​ ​to​​identify​​key​​socioeconomic​​benefits—including​​job​​creation,​
​innovation,​ ​and​ ​regional​ ​economic​ ​development—generated​ ​by​ ​these​ ​investments.​
​Furthermore,​ ​we​ ​examine​ ​the​ ​variability​ ​of​ ​these​ ​outcomes​ ​across​ ​different​ ​geographical​
​contexts​​to​​provide​​a​​nuanced​​understanding​​of​​how​​human​​capital​​can​​serve​​as​​a​​catalyst​​for​
​sustainable energy transitions globally.​
​Shift to Green Energy and Human Capital:​
​Today,​ ​the​ ​global​ ​community​ ​is​ ​increasingly​ ​committed​ ​to​ ​addressing​ ​climate​ ​change​ ​and​
​mitigating​ ​the​ ​environmental​ ​harm​ ​caused​ ​by​ ​the​ ​reliance​ ​on​ ​fossil​ ​fuels.​ ​Although​ ​the​
​dangers​ ​of​ ​environmental​ ​pollution​ ​are​ ​widely​ ​understood,​ ​deeply​ ​ingrained​ ​habits​ ​and​ ​the​
​comfort​ ​associated​ ​with​ ​constant​ ​access​ ​to​ ​traditional​ ​energy​ ​sources​ ​remain​ ​significant​
​barriers​​to​​change.​​Consequently,​​strengthening​​human​​capital​​has​​emerged​​as​​a​​pivotal​​factor​
​in​ ​accelerating​ ​the​ ​transition​ ​toward​ ​more​ ​sustainable​ ​energy​ ​systems​ ​[19,​ ​20].​ ​Human​
​capital—which​ ​encompasses​ ​education,​ ​expertise,​ ​creativity,​ ​and​ ​analytical​
​insight—generates​ ​positive​ ​externalities​ ​capable​ ​of​ ​transforming​ ​the​ ​energy​ ​industry​ ​and​
​reducing​ ​the​ ​environmental​ ​impacts​ ​of​ ​fossil​ ​fuel​ ​consumption​ ​[21].​ ​Furthermore,​
​appropriately​ ​developed​ ​human​ ​capital​ ​can​ ​foster​ ​environmental​ ​awareness,​ ​encouraging​



​more​ ​sustainable​ ​behaviors​ ​and​ ​community​ ​engagement.​ ​Summarizes​ ​the​ ​key​ ​positive​
​externalities​​of​​human​​capital​​in​​the​​transition​​to​​green​​energy,​​organized​​along​​three​​central​
​pillars:​
​(i) Human capital and innovation with regards to medical science​
​(ii) Technological advancement with respect to modelling​
​(iii) Sustainable practices with managerial skills​
​Education​​and​​scholarly​​exploration​​play​​a​​critical​​role​​in​​leveraging​​the​​positive​​externalities​
​of​​human​​capital​​toward​​the​​shift​​to​​renewable​​energy​​sources.​​Societies​​with​​higher​​levels​​of​
​education​ ​are​ ​more​ ​likely​ ​to​ ​engage​ ​in​ ​research​ ​and​ ​development​ ​activities​ ​focused​ ​on​
​pioneering​​clean​​energy​​innovations​​[22].​​Academic​​and​​research​​institutions​​lead​​the​​charge​
​in​ ​developing​ ​new​ ​technologies​​and​​methodologies​​to​​bolster​​sustainable​​energy​​production​
​[23].​​A​​workforce​​enriched​​with​​a​​broad​​spectrum​​of​​skills,​​spanning​​engineering,​​renewable​
​energy​​technologies,​​and​​environmental​​sciences,​​is​​crucial​​for​​leading​​the​​development​​and​
​implementation​​of​​renewable​​energy​​projects​​[24].​​It​​is​​well​​recognized​​that​​human​​capital​​is​
​a​ ​catalyst​ ​for​ ​entre​ ​preneurial​ ​initiatives​ ​and​ ​the​ ​creation​ ​of​ ​start-ups​ ​specializing​ ​in​
​renewable​ ​energy​ ​technologies.​​These​​ventures​​are​​pivotal​​in​​driving​​technological​​progress​
​and​ ​fostering​ ​competitive​ ​mar​ ​kets,​ ​thereby​ ​making​ ​renewable​ ​energy​ ​options​ ​more​ ​cost​
​effective​ ​and​ ​efficient​ ​[25,​ ​26].​ ​In​ ​both​ ​the​ ​academic​ ​realm​ ​and​ ​the​ ​industry,​ ​individuals​
​endowed​ ​with​ ​extensive​ ​knowledge​ ​play​ ​a​ ​vital​ ​role​ ​in​ ​facilitating​ ​the​​transfer​​of​​expertise​
​and​ ​technology,​ ​significantly​ ​accelerating​ ​the​ ​adoption​ ​of​ ​renewable​ ​energy​ ​solutions​ ​[27].​
​Additionally,​ ​an​ ​educated​ ​populace​ ​is​ ​more​ ​likely​ ​to​ ​exhibit​ ​environmental​ ​consciousness,​
​which​​translates​​into​​an​​increased​​demand​​for​​renewable​​energy​​and​​a​​decreased​​dependency​
​on​ ​fossil​ ​fuels​ ​[28].​ ​Thus,​ ​human​ ​capital​ ​is​ ​instrumental​ ​in​ ​influencing​ ​policy​ ​decisions,​
​advocating​ ​for​ ​the​ ​implementation​ ​of​ ​renewable​ ​energy​ ​policies,​ ​carbon​ ​pricing,​ ​and​
​environmental​ ​standards​ ​that​ ​support​ ​the​ ​transition​ ​to​ ​renewable​ ​energy.​ ​The​ ​consensus​
​among​ ​researchers​ ​underscores​ ​that​ ​the​ ​socioeco​ ​nomic​ ​benefits​ ​derived​ ​from​ ​investing​ ​in​
​human​ ​capital​ ​hinge​ ​on​ ​several​ ​factors,​ ​including​ ​education​ ​and​ ​vocational​ ​training,​ ​job​
​creation,​ ​the​ ​dissemination​ ​of​ ​knowledge,​ ​and​ ​the​ ​development​​of​​social​​infrastructure​​[29,​
​30].​ ​This​ ​comprehensive​ ​approach​ ​underscores​ ​the​ ​multifaceted​​impact​​of​​human​​capital​​in​
​fostering​ ​an​ ​environment​ ​conducive​ ​to​ ​the​ ​growth​ ​and​ ​sustainability​ ​of​ ​renewable​ ​energy​
​initiatives.​​Key​​factors​​influencing​​the​​socioeconomic​​impact​​of​​investments​​in​​human​​capital​
​are mentioned as under.​



​Key human capital factors​
​Various​ ​initiatives​ ​have​ ​demonstrated​ ​that​ ​investments​ ​in​ ​human​ ​capital​ ​facilitate​ ​the​
​adoption​​of​​green​​technologies,​​enhance​​innovation,​​and​​support​​sustainable​​practices​​within​
​the​ ​energy​​sector.​​Each​​entry​​in​​the​​tables​​represents​​a​​consensus​​view​​drawn​​from​​multiple​
​case​​studies​​and​​expert​​opinions,​​highlighting​​the​​specific​​impacts​​of​​enhanced​​human​​capital​
​on green energy initiatives.​

​Similarly,​ ​Table​ ​2​ ​compiles​ ​results​ ​from​ ​an​ ​analysis​ ​of​ ​socioeconomic​ ​outcomes​ ​observed​
​across​​regions​​with​​varying​​levels​​of​​human​​capital​​investment.​​This​​table​​integrates​​findings​
​from​ ​direct​ ​observations,​ ​stakeholder​ ​interviews,​ ​and​ ​socioeconomic​ ​data​ ​analyses​ ​to​
​illustrate​​how​​education,​​training,​​job​​creation,​​and​​knowledge​​transfer​​contribute​​to​​regional​
​development​ ​and​ ​economic​ ​growth.​ ​By​ ​presenting​ ​these​ ​results​ ​upfront,​ ​we​ ​establish​ ​a​
​foundation​ ​for​ ​understanding​ ​the​ ​practical​ ​implications​ ​of​ ​human​ ​capital​ ​enhancements​
​before​ ​delving​ ​into​ ​the​ ​bibliometric​ ​analysis​ ​that​ ​supports​ ​these​ ​findings​ ​with​ ​quantitative​
​data.​ ​This​ ​approach​ ​ensures​ ​a​ ​holistic​ ​perspective,​ ​combining​ ​qualitative​ ​insights​ ​with​
​quantitative evidence.​

​The​ ​level​ ​of​ ​education​ ​and​ ​expertise​ ​among​ ​employees​ ​significantly​ ​influences​ ​the​
​socioeconomic​ ​gains​ ​from​ ​human​ ​capital​ ​investments.​ ​Companies​ ​in​ ​the​ ​fuel​ ​and​ ​energy​
​sector​ ​are​ ​encouraged​ ​to​ ​implement​ ​comprehensive​ ​education​ ​and​ ​skill​ ​development​
​programs​ ​for​ ​their​ ​workforce.​ ​By​ ​enhancing​ ​technical​ ​competencies,​ ​firms​ ​can​ ​foster​
​innovation, increase productivity, and drive regional economic development [31, 32].​

​Existing​ ​research​ ​literature​ ​also​ ​supports​ ​the​​notion​​that​​investing​​in​​human​​capital​​leads​​to​
​job​ ​creation,​ ​which​ ​has​ ​a​ ​profound​ ​impact​ ​on​ ​local​ ​economies.​ ​Such​ ​investments​ ​generate​
​direct​ ​employment​ ​opportunities​ ​within​ ​energy​ ​companies​ ​and​ ​indirectly​ ​stimulate​ ​job​
​growth​ ​through​ ​supply​​chains​​and​​related​​services.​​Expanded​​employment​​opportunities​​are​
​linked​ ​to​ ​poverty​ ​reduction,​ ​improved​ ​living​ ​standards,​ ​and​ ​broader​ ​economic​ ​growth​ ​[33,​
​34].​



​Moreover,​ ​human​ ​capital​ ​investments​ ​play​ ​a​ ​crucial​ ​role​ ​in​ ​facilitating​ ​knowledge​ ​transfer​
​from​ ​businesses​ ​to​ ​the​ ​local​ ​community.​ ​By​ ​sharing​​technological​​advances,​​best​​practices,​
​and​ ​specialized​ ​expertise,​ ​companies​ ​enrich​ ​local​ ​skills​ ​and​ ​foster​ ​entrepreneurship.​ ​This​
​knowledge​ ​transfer​ ​strengthens​ ​community​ ​capabilities,​ ​encourages​ ​new​ ​business​ ​ventures,​
​and supports economic diversification [35, 36].​

​It​ ​has​ ​also​ ​been​ ​observed​ ​that​ ​companies​ ​investing​ ​in​ ​human​ ​capital​ ​often​ ​contribute​
​significantly​ ​to​ ​the​ ​development​ ​of​ ​community​ ​infrastructure,​ ​including​​schools,​​healthcare​
​facilities,​ ​housing​ ​projects,​ ​and​ ​community​ ​centers.​ ​These​ ​contributions​ ​benefit​ ​employees​
​directly​ ​while​ ​positively​ ​impacting​ ​the​ ​broader​ ​socioeconomic​ ​landscape​ ​of​ ​the​ ​regions​ ​in​
​which​ ​fuel​ ​and​ ​energy​ ​companies​ ​operate,​ ​thereby​ ​enhancing​ ​quality​ ​of​ ​life​ ​and​ ​fostering​
​community well-being [37, 38].​

​Empirical Investigations​

​In​ ​the​ ​empirical​ ​section​ ​of​ ​our​ ​study,​ ​we​ ​employ​ ​bibliographic​ ​network​ ​analysis​ ​using​ ​a​
​dataset​ ​of​ ​documents—including​ ​research​ ​papers,​ ​conference​ ​proceedings,​ ​and​ ​book​
​chapters—indexed in the Web of Science (WoS) database between 1991 and 2023.​

​The​​synthesis​​of​​the​​positive​​externalities​​of​​human​​capital​​in​​the​​transition​​to​​green​​energy,​
​along​ ​with​ ​the​ ​key​ ​factors​ ​determining​ ​the​ ​socioeconomic​ ​impact​ ​of​ ​human​ ​capital​
​investments,​ ​offers​ ​an​ ​important​ ​theoretical​ ​contribution​ ​to​ ​the​ ​field.​ ​It​ ​is​ ​worth​ ​noting,​
​however,​ ​that​ ​there​ ​may​ ​be​​a​​certain​​disjunction​​between​​the​​theoretical​​framework​​and​​the​
​empirical analysis, as the latter does not fully incorporate all of these conceptual elements.​

​We​​selected​​the​​WoS​​database​​because​​it​​is​​widely​​recognized​​as​​one​​of​​the​​most​​prestigious​
​and​​comprehensive​​abstract​​and​​citation​​databases,​​providing​​extensive​​coverage​​of​​research​
​on human capital, green energy, and related topics.​

​In​​the​​first​​step,​​we​​utilize​​the​​Google​​Trends​​toolkit​​as​​a​​sup​​plementary​​tool​​to​​analyze​​the​
​popularity​​and​​trends​​of​​specific​​search​​terms​​related​​to​​“human​​capital”​​and​​“energy​​sector”​
​over​ ​time.​ ​This​ ​inclusion​ ​is​ ​critical​ ​for​ ​understanding​ ​public​​and​​academic​​interest​​in​​these​
​topics,​ ​providing​ ​a​ ​contextual​ ​back​ ​drop​ ​to​ ​the​ ​bibliometric​ ​data​ ​derived​ ​from​ ​the​ ​WoS​
​database.​​Google​​Trends​​allows​​us​​to​​quantify​​the​​relative​​search​​frequency​​of​​these​​terms​​on​
​Google,​ ​providing​ ​an​ ​indirect​ ​measure​ ​of​ ​interest​ ​and​ ​awareness​ ​in​ ​the​ ​subjects​ ​both​



​regionally​​and​​globally.​​By​​examining​​trends​​from​​2004​​to​​2023,​​we​​can​​correlate​​peaks​​and​
​troughs​ ​in​ ​search​ ​interest​ ​with​ ​significant​ ​events,​ ​policy​ ​changes,​ ​or​ ​advancements​ ​in​ ​the​
​energy​ ​sector.​ ​This​ ​trend​ ​analysis​ ​helps​ ​in​ ​identifying​ ​temporal​ ​patterns​ ​and​​shifts​​in​​focus​
​within​​the​​academic​​community​​and​​the​​public​​sphere,​​offering​​a​​dynamic​​view​​of​​how​​these​
​topics​ ​have​ ​evolved​ ​in​ ​prominence​ ​over​ ​time.​ ​In​​general​​terms,​​Google​​Trends​​provides​​an​
​accessible​ ​platform​ ​for​ ​obtaining​ ​real-time​ ​data​ ​on​ ​the​ ​popularity​ ​of​ ​specific​ ​search​ ​terms​
​worldwide,​ ​making​ ​it​ ​an​ ​invaluable​ ​tool​ ​for​ ​gauging​ ​public​ ​and​ ​academic​ ​interest.​ ​It​ ​also​
​supports​ ​our​ ​bibliometric​ ​analysis​ ​and​ ​helps​ ​in​ ​understanding​ ​the​ ​societal​ ​and​ ​academic​
​relevance​ ​of​ ​the​ ​terms​ ​“human​ ​capital”​​and​​“energy​​sector,”​​which​​are​​central​​to​​our​​study.​
​Using​​the​​set​​of​​data​​described​​above,​​we​​conducted​​a​​network​​cluster​​analysis​​of​​the​​textual​
​and​ ​bibliometric​​inputs​​using​​VOSviewer​​software.​​Figure​​2​​provides​​the​​description​​of​​our​
​algorithm​ ​for​ ​the​ ​data​ ​selection,​ ​retrieval,​ ​processing,​ ​and​ ​the​ ​network​​analysis​​used​​in​​our​
​study.​ ​The​ ​diagram​ ​delineates​ ​the​ ​methodological​ ​approach​ ​for​ ​data​ ​selection​ ​and​ ​network​
​analysis​ ​in​ ​a​ ​stepwise​​fashion.​​Initially,​​the​​research​​phenomenon​​is​​defined,​​which​​informs​
​the​​choice​​of​​the​​WoS​​as​​the​​database​​for​​sourcing​​research​​publications.​​The​​search​​criteria​
​are​ ​then​ ​established​ ​through​ ​two​ ​distinct​ ​queries:​ ​the​ ​first​​query​​utilizes​​the​​Google​​Trends​
​toolkit​​to​​search​​for​​the​​terms​​“human​​capital”​​AND​​“energy​​sector”​​spanning​​the​​years​​from​
​2004​ ​to​ ​2023,​​while​​the​​second​​query​​searches​​the​​WoS​​database​​for​​“human​​capital”​​AND​
​“energy” covering a broader timeframe from 1991 to 2023.​

​The​ ​search​ ​within​ ​the​ ​chosen​ ​database​ ​is​ ​limited​ ​by​ ​specific​ ​criteria,​ ​including​ ​the​ ​scope​
​(title,​ ​abstract,​ ​and​ ​keywords),​ ​the​ ​timeframe​ ​(1991–2023),​ ​language,​ ​the​ ​quality​ ​of​ ​the​
​studies,​​and​​the​​type​​of​​document,​​which​​includes​​articles,​​conference​​pro​​ceedings,​​and​​book​
​chapters.​ ​Following​ ​the​ ​establishment​ ​of​ ​search​ ​parameters,​ ​data​ ​extraction​ ​from​ ​the​ ​WoS​
​database​​is​​conducted,​​leading​​to​​a​​general​​analysis​​of​​the​​WoS​​data.​​This​​analysis​​considers​
​the​ ​distribution​ ​of​ ​documents​ ​by​ ​year,​ ​affiliations,​ ​journals,​ ​and​ ​institutions.​ ​The​ ​extracted​
​data​ ​is​ ​then​ ​inputted​ ​into​ ​the​ ​VOSviewer​ ​software,​ ​a​ ​tool​ ​designed​ ​for​ ​constructing​ ​and​
​visualizing​ ​bibliometric​ ​networks.​ ​The​ ​analysis​ ​of​ ​the​ ​results​ ​from​ ​VOSviewer​ ​includes​
​network​ ​and​ ​overlay​ ​visualization,​ ​the​ ​identification​ ​of​ ​the​ ​number​ ​of​ ​clusters,​ ​types​ ​of​
​clusters,​​and​​the​​total​​link​​strength.​​This​​step​​also​​involves​​discerning​​the​​implications​​of​​the​
​network​ ​analysis.​ ​Finally,​ ​the​ ​process​ ​concludes​ ​with​ ​the​ ​synthesis​ ​of​ ​the​ ​findings​ ​to​​draw​
​conclusions​ ​and​ ​implications​ ​from​ ​the​ ​study.​ ​This​ ​comprehensive​ ​approach​ ​ensures​ ​a​
​systematic​ ​and​ ​rigorous​ ​analysis​ ​of​ ​the​ ​data,​ ​facilitating​ ​a​ ​robust​ ​understanding​ ​of​ ​the​
​research phenomena.​



​Main results​
​Figure​​2​​reports​​the​​results​​from​​the​​online​​analysis​​using​​the​​Google​​Trends​​toolkit.​​Google​
​Trends​​helps​​the​​researchers​​to​​identify​​the​​popularity​​of​​specific​​terms​​in​​various​​parts​​of​​the​
​world​ ​measured​ ​by​ ​online​ ​searches.​ ​It​ ​is​ ​apparent​ ​from​ ​Figure​ ​3​ ​that​ ​while​ ​the​ ​searches​
​(measured​​by​​the​​Interest​​over​​Time,​​the​​metrics​​which​​assesses​​the​​search​​interest​​relative​​to​
​the​ ​highest​ ​point​ ​on​ ​the​ ​chart​ ​for​ ​the​ ​given​ ​region​ ​and​ ​time​ ​(with​ ​100​ ​being​ ​the​ ​peak​
​popularity​​and​​0​​showing​​that​​no​​data​​was​​available​​for​​the​​given​​region​​and​​time​​period))​​for​
​“human​​capital”​​surpass​​those​​for​​“energy​​sector,”​​there​​is​​still​​a​​clear​​correlation​​in​​both.​​In​
​addition,​ ​while​ ​the​ ​search​ ​interest​ ​for​ ​“energy​ ​sector”​ ​appears​ ​to​ ​yield​ ​a​ ​steady​ ​and​ ​stable​
​trend,​ ​the​ ​one​ ​for​ ​the​ ​human​ ​capital​ ​is​ ​growing​ ​(after​ ​a​ ​small​ ​decline​ ​between​ ​2009​ ​and​
​2018).​ ​All​ ​of​ ​them​ ​signal​ ​the​ ​existence​ ​of​ ​a​ ​certain​ ​interrelationship​ ​between​ ​these​ ​two​
​concepts​ ​(see​ ​Figure​ ​3).​ ​Table​ ​3​ ​lists​ ​the​ ​top​ ​ten​ ​cited​ ​articles​ ​covering​ ​human​ ​capital​​and​
​energy published and indexed in WoS between 1991 and 2023.​

​Figure​​3​​depicts​​the​​co-occurrence​​map​​based​​on​​the​​text​​data​​of​​the​​1933​​papers​​containing​
​the​ ​keywords​ ​“human​ ​capital”​​and​​“energy”​​retrieved​​from​​WoS​​database.​​Our​​analysis​​has​
​identified​ ​three​ ​main​ ​clusters​ ​(marked​ ​in​ ​red,​ ​green,​ ​and​ ​blue​ ​colors).​ ​In​ ​Figure​ ​3,​
​interconnections​ ​between​ ​clusters​ ​are​ ​apparent​ ​indicating​ ​interdisciplinary​ ​research​ ​efforts.​
​The​​prominence​​of​​“human​​capital”​​in​​proximity​​to​​“outcome”​​and​​“renewable​​energy”​​could​



​point​ ​to​ ​findings​ ​that​ ​investments​ ​in​ ​human​ ​capital​ ​are​ ​crucial​ ​for​ ​achieving​ ​positive​
​outcomes​ ​in​ ​energy​ ​efficiency​ ​and​ ​the​ ​broader​ ​adoption​ ​of​ ​renewable​ ​energy​ ​technologies.​
​The​ ​presence​ ​of​ ​terms​ ​like​ ​“policy​ ​implication”​ ​and​ ​“economic​ ​growth”​ ​close​ ​to​ ​“human​
​capital”​ ​hints​ ​at​ ​the​ ​policy​ ​relevance​ ​of​ ​this​ ​research,​ ​emphasizing​ ​human​ ​capital’s​ ​role​ ​in​
​economic​ ​development​ ​within​ ​the​ ​energy​ ​sector.​ ​Overall,​ ​the​ ​map​ ​indicates​ ​a​
​multidisciplinary​ ​dialogue​ ​within​ ​the​ ​literature,​ ​where​​economic,​​environmental,​​and​​policy​
​dimen​ ​sions​ ​converge​ ​around​ ​the​ ​pivotal​ ​concept​ ​of​​human​​capital​​in​​the​​context​​of​​energy​
​research​​which​​also​​resonates​​with​​some​​recent​​research​​findings​​[49–51].​​In​​addition,​​Figure​
​4​ ​depicts​ ​the​ ​bibliographic​ ​map​ ​based​ ​on​ ​the​ ​bibliometric​ ​data​ ​(co-authorship,​ ​keyword​
​co-occurrence,​ ​cita​ ​tion,​ ​bibliographic​ ​coupling,​ ​or​ ​co-citation​ ​map)​ ​of​ ​the​ ​1933​ ​papers​
​containing the keywords “human capital” and “energy” in WoS database (see Figure 4).​

​The​ ​map​ ​displays​ ​a​ ​dense​ ​network​ ​of​ ​terms​ ​clustered​ ​into​ ​groups,​ ​which​ ​are​ ​color-coded,​
​indicating​ ​different​ ​thematic​ ​focuses​ ​within​ ​the​ ​combined​ ​realms​ ​of​ ​human​ ​capital​ ​and​
​energy.​ ​The​ ​red​ ​cluster​ ​seems​ ​to​ ​concentrate​ ​on​ ​foundational​ ​and​ ​sys​ ​temic​ ​aspects,​ ​with​
​terms​​like​​“model,”​​“system,”​​“change,”​​and​​“energy”​​suggesting​​a​​focus​​on​​conceptual​​and​
​systemic​ ​analyses​ ​of​​energy​​sectors.​​There’s​​an​​apparent​​emphasis​​on​​systemic​​changes​​and​
​models​ ​related​ ​to​ ​energy,​ ​which​ ​may​ ​involve​ ​discussions​ ​on​ ​lifecycle,​ ​efficiency,​ ​and​
​sustainability.​​The​​blue​​cluster​​features​​terms​​like​​“economic​​growth,”​​“urban​​ization,”​​“CO2​
​emissions,”​​and​​“China,”​​pointing​​to​​a​​research​​trend​​that​​examines​​the​​economic​​dimensions​
​of​ ​energy,​ ​particu​ ​larly​ ​in​ ​relation​ ​to​ ​urban​ ​development​ ​and​ ​environmental​ ​impact.​ ​This​
​cluster​​indicates​​a​​significant​​interest​​in​​the​​intersection​​of​​energy​​consumption​​and​​economic​
​development,​ ​especially​ ​in​ ​rapidly​ ​developing​ ​and​ ​urbanizing​ ​contexts.​ ​The​ ​green​ ​cluster​
​centers​ ​around​ ​“human​ ​capital”​ ​and​ ​“renew​ ​able​ ​energy,”​ ​surrounded​ ​by​ ​terms​ ​such​ ​as​
​“financial​ ​develop​ ​ment,”​ ​“environmental​ ​degradation,”​ ​and​ ​“renewable​ ​energy​
​consumption.”​​This​​suggests​​that​​the​​research​​is​​examining​​the​​influence​​of​​human​​capital​​on​
​the​ ​adoption​ ​and​ ​development​ ​of​ ​renewable​ ​energy​ ​technologies​ ​and​ ​its​ ​implications​ ​for​
​financial​​markets​​and​​environmental​​health.​​The​​interconnectedness​​of​​clusters​​indicates​​that​
​the​​research​​field​​is​​highly​​interdisciplinary,​​integrating​​human​​capital​​con​​cerns​​with​​energy​
​policy,​ ​environmental​ ​impact,​ ​and​ ​economic​​factors.​​The​​prominence​​of​​“human​​capital”​​in​
​the​ ​context​ ​of​ ​“renewable​ ​energy”​ ​and​ ​“CO2​ ​emissions”​ ​suggests​ ​an​ ​analysis​ ​of​ ​how​
​education​ ​and​ ​skill​ ​development​ ​can​ ​contribute​ ​to​ ​envi​​ronmental​​sustainability​​and​​energy​



​efficiency.​​Thence,​​the​​network​​diagram​​map​​suggests​​a​​vibrant​​and​​inter​​connected​​field​​of​
​study​ ​where​ ​the​ ​expertise​ ​and​ ​attributes​ ​of​​the​​workforce​​and​​human​​capital​​are​​considered​
​crucial​ ​to​ ​advancing​ ​renewable​ ​energy​ ​technologies,​ ​improving​ ​environmental​ ​out​ ​comes,​
​and driving economic growth in the context of energy use and policy.​
​Conclusions​
​All​​in​​all,​​our​​findings,​​derived​​from​​an​​extensive​​literature​​review​​and​​bibliometric​​network​
​analysis,​ ​underscore​ ​the​ ​profound​ ​impact​ ​of​ ​innovations​ ​in​ ​human​ ​capital​ ​on​ ​sustainable​
​socioeco​ ​nomic​ ​growth​ ​within​ ​the​ ​energy​ ​sector​ ​as​ ​well​ ​as​ ​promoting​ ​green​ ​energy​
​deployment.​ ​A​​consensus​​among​​scholars​​highlights​​the​​pivotal​​role​​of​​dedicating​​resources​
​to​​workforce​​education​​and​​training.​​By​​bolstering​​the​​skills​​and​​expertise​​of​​their​​employees,​
​energy​ ​companies​ ​can​ ​achieve​ ​enhanced​ ​productivity​ ​and​ ​opera​ ​tional​ ​efficiency,​ ​and​
​stimulate​ ​regional​ ​economic​ ​development​ ​together​ ​with​ ​stepping​ ​on​ ​the​ ​path​ ​of​ ​transition​
​toward​​renewa​​ble​​energy​​sources​​and​​technologies.​​Furthermore,​​these​​invest​​ments​​prepare​
​a​ ​workforce​ ​capable​ ​of​ ​adapting​ ​to​ ​technological​ ​advances​ ​and​ ​market​ ​shifts.​ ​There​ ​is​ ​a​
​widespread​ ​agreement​ ​in​ ​the​ ​academic​ ​community​ ​that​ ​innovating​ ​and​ ​investing​ ​in​ ​human​
​capital​ ​acts​ ​as​ ​a​ ​catalyst​ ​for​ ​regional​ ​innovation​ ​and​ ​technological​ ​advancements,​ ​enabling​
​employees​ ​in​ ​energy​ ​companies​ ​to​ ​con​​tribute​​to​​research​​and​​development​​efforts.​​This,​​in​
​turn,​​leads​​to​​innovative​​solutions​​with​​wide-reaching​​benefits​​for​​regional​​development​​and​
​sustainable​ ​growth.​ ​Moreover,​ ​investing​ ​in​ ​human​ ​capital​ ​yields​ ​significant​ ​social​
​advantages.​ ​It​ ​fosters​ ​job​ ​creation,​ ​increases​ ​income,​ ​and​ ​im​ ​proves​ ​access​ ​to​ ​essential​
​services,​ ​contributing​ ​to​ ​the​ ​reduction​ ​of​ ​economic​ ​inequalities​ ​and​ ​raising​ ​the​ ​overall​
​standard​​of​​living​​in​​the​​region.​​At​​its​​core,​​optimizing​​human​​capital​​is​​crucial​​for​​advancing​
​sustainable​ ​development​ ​in​ ​areas​ ​dominated​ ​by​ ​the​ ​energy​ ​and​ ​fuel​ ​sectors​ ​helping​ ​their​
​green​ ​transition.​ ​When​ ​it​ ​comes​ ​to​ ​the​ ​limitations​ ​of​ ​our​ ​study,​ ​it​ ​can​ ​be​ ​noted​ ​that​ ​its​
​geographical​ ​focus​ ​is​ ​quite​ ​broad​​and​​lacks​​detailed​​regional​​analysis,​​which​​might​​obscure​
​specific​ ​local​ ​challenges​ ​in​ ​the​ ​energy​ ​sector.​​Additionally,​​while​​the​​bibliometric​​approach​
​provides​ ​a​ ​valuable​ ​overview,​ ​it​ ​may​ ​not​ ​capture​ ​unpublished​ ​or​ ​less​ ​accessible​ ​sources​​of​
​information​ ​that​ ​are​ ​equally​ ​critical.​ ​The​ ​final​ ​limitation​ ​is​ ​our​ ​reliance​ ​on​ ​VOSviewer​​for​
​network​ ​analysis,​ ​which​ ​is​ ​very​ ​effective​ ​but​ ​might​ ​benefit​ ​from​ ​integra​ ​tion​ ​with​ ​more​
​advanced​ ​analytical​ ​tools​ ​to​ ​deepen​ ​insights​ ​into​ ​human​ ​capital’s​ ​role​ ​in​ ​green​ ​energy​
​transition.​​As​​for​​the​​pathways​​for​​further​​research,​​empirical​​impact​​assess​​ments​​of​​human​
​capital​ ​investments​ ​within​ ​the​ ​green​ ​energy​ ​sector​ ​for​ ​quantifying​ ​their​ ​economic,​
​environmental,​ ​and​ ​social​ ​benefits​ ​need​ ​to​ ​be​ ​prioritized.​ ​Future​ ​studies​ ​could​​also​​explore​
​the​​interplay​​between​​technological​​innovation​​and​​human​​capital,​​particularly​​how​​emerging​
​technologies​ ​influence​ ​work​ ​force​ ​development​ ​and​ ​energy​ ​sector​ ​dynamics.​ ​Additionally,​
​examining​ ​the​ ​effectiveness​ ​of​ ​specific​ ​human​ ​capital-focused​ ​policies​ ​across​ ​different​
​regions​​would​​also​​offer​​valuable​​insights​​into​​best​​practices​​and​​implementation​​challenges.​
​It​ ​appears​ ​critical​ ​to​ ​acknowledge​ ​that​ ​the​ ​value​ ​of​​human​​capital​​extends​​beyond​​personal​
​and​ ​economic​ ​growth,​ ​playing​ ​a​ ​vital​ ​role​ ​in​ ​the​ ​domain​ ​of​ ​environmental​ ​sustainability.​
​Human​ ​capital​ ​is​ ​essential​ ​for​ ​driving​ ​innovation,​ ​technological​ ​advance​ ​ment,​ ​and​ ​the​
​adoption​​of​​renewable​​energy​​practices.​​As​​we​​confront​​the​​challenges​​of​​climate​​change​​and​
​strive​ ​for​ ​a​ ​transi​ ​tion​ ​to​ ​more​ ​eco-friendly​ ​energy​ ​systems,​ ​the​ ​strategic​ ​enhance​ ​ment​ ​of​
​human​​capital​​emerges​​as​​a​​key​​priority.​​Policymakers,​​stakeholders,​​educational​​institutions,​
​and​ ​industry​ ​leaders​ ​must​ ​recognize​ ​the​ ​instrumental​​role​​of​​human​​capital​​in​​shifting​​from​
​fossil​ ​fuels​ ​to​ ​green​ ​energy​ ​sources,​ ​a​ ​shift​ ​imperative​ ​for​ ​ensuring​ ​a​ ​healthier​ ​and​ ​more​
​sustainable​ ​planet.​ ​This​ ​necessitates​ ​a​ ​unified​ ​approach​ ​to​ ​intensify​ ​support​ ​for​ ​the​
​development​ ​of​ ​skills​ ​and​ ​knowledge,​ ​alongside​ ​robust​ ​investments​ ​in​ ​human​ ​capital​ ​from​
​both the private and public sectors.​
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