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Introduction
Nigeria is situated at a critical climate–energy crossroads where persistent energy insecurity, rapid urbanization, and escalating environmental degradation increasingly threaten sustainable development. Despite its large population and growing built environment, over 85 million Nigerians still lack access to grid electricity, while the building sector alone accounts for nearly 45% of urban energy consumption, much of which is inefficient and poorly regulated (Nigerian Bureau of Statistics, 2025; UNEP, 2024). This structural inefficiency has led to heavy reliance on diesel-powered backup systems, further intensifying greenhouse gas emissions, air pollution, and environmental health risks (Nigerian Electricity Regulatory Commission, 2025; Ohunakin,  Adaramola, & Oyewola 2024).
In response to these challenges, Building-Integrated Renewable Energy Systems (BIRES) including photovoltaic façades, solar shading systems, and integrated wind-energy technologies are increasingly recognized as transformative solutions capable of converting buildings from passive energy consumers into active energy generators. Globally, optimized BIRES have demonstrated strong potential for improving building energy performance, reducing operational emissions, and enhancing climate resilience when properly designed and integrated (Ma, Yang, & Zhang 2023; D’Agostino, Mazzarella, & Minelli 2024). However, their effectiveness is highly dependent on context-specific optimization, particularly in environments with extreme climatic and infrastructural constraints.
In Nigeria, the adoption and performance of BIRES remain significantly constrained by systemic and technical deficiencies. Studies have described prevailing practices as “guesswork installation,” reflecting the absence of standardized optimization frameworks and weak professional capacity for system design and integration (Adekunle, Ajayi, & Olaniyi 2025; Okafor & Nwosu, 2024). Although limited capacity-building efforts exist, such as pilot training initiatives by the Nigerian Green Building Council (NGBC) (2025), widespread expertise in BIRES optimization and lifecycle management remains insufficient. Furthermore, awareness of alternative integrated technologies, such as building-integrated wind systems, is still emerging among professionals in the built environment (Umar & Kolo, 2025).
Beyond technical limitations, emerging evidence highlights critical environmental trade-offs associated with renewable energy integration in buildings. While BIRES contribute to decarbonization, they may also introduce unintended consequences such as lifecycle carbon emissions, toxicity risks, and e-waste accumulation if not properly managed (Hasan & Jelle, 2024; Kumar & Singh, 2025). Photovoltaic systems, for instance, have been linked to material toxicity concerns and end-of-life disposal challenges that threaten environmental safety (Ogundipe & Adebayo, 2024; Raugei & Leccisi, 2024). Similarly, rebound effects may reduce net environmental benefits by increasing overall energy consumption following efficiency improvements (Berrill, Arvesen, & Hertwich 2025), while dematerialization pressures in renewable supply chains can generate additional resources and environmental burdens (Liang, Zhang, & Wang 2024). These findings underscore that renewable energy adoption without proper optimization and lifecycle planning may inadvertently compromise environmental security.
The Nigerian context further complicates BIRES deployment due to its unique climatic and infrastructural conditions. South-East Nigeria experiences high solar irradiance, high humidity, heavy rainfall, dust accumulation, and frequent grid instability, all of which significantly influence system performance and durability. Evidence from tropical climate studies indicates that optimal performance of integrated photovoltaic and shading systems requires careful adaptation to local environmental conditions rather than reliance on imported design assumptions (Ma et al., 2023). However, in the absence of localized optimization frameworks, many systems installed in Nigeria are underperforming or prematurely failing.
Policy and comparative studies also demonstrate that structured optimization frameworks are critical to successful BIRES deployment in developing contexts. For example, East African experiences show that policy-guided optimization and professional capacity development significantly improve adoption rates and system effectiveness (Mukasa, Ochieng, & Ndunda  2025). Conversely, the lack of such frameworks in Nigeria continues to limit the transition from pilot projects to scalable sustainable solutions.
Given these gaps, BIRES in Nigeria remain at a developmental crossroads where potential benefits are undermined by weak optimization capacity, environmental oversight deficiencies, and inadequate lifecycle governance. Without evidence-based optimization tailored to local climatic, economic, and infrastructural realities, BIRES risk becoming inefficient investments that fail to deliver intended climate and environmental security outcomes (UNEP, 2024; Nigerian Ministry of Environment, 2024).
Against this background, this study investigates the optimization of building-integrated renewable energy systems for climate and environmental security in South-East Nigeria. It aims to generate empirically grounded insights that bridge technical, environmental, and professional capacity gaps, thereby supporting the development of resilient, efficient, and environmentally responsible energy systems within the built environment.

Statement of the Problem
Despite Nigeria’s vast solar and wind energy potential, the adoption of BIRES remains low and largely inefficient, particularly in relation to achieving both climate and environmental security goals. In practice, most BIRES installations in Nigeria are direct adaptations of designs developed for temperate climates, with little or no adjustment to local environmental and infrastructural realities. This results in suboptimal performance under conditions such as persistently high ambient temperatures, which can reduce photovoltaic efficiency by approximately 0.3–0.5% per °C above 25°C, severe dust accumulation that may decrease energy yield by up to 25–30% in some regions, and unstable grid conditions that increase battery cycling stress and system degradation.
In addition to technical inefficiencies, significant environmental security risks are emerging from poorly managed BIRES components. The absence of structured end-of-life management systems has led to growing concerns over the disposal of lead-containing photovoltaic modules and battery waste in urban areas. Evidence already indicates that a large proportion of electronic waste from renewable energy systems ends up in uncontrolled dumpsites, with about 68% not properly managed or recycled (Nigerian Ministry of Environment, 2024). This situation poses serious risks to soil, water, and public health, thereby undermining the environmental benefits of renewable energy adoption.
Furthermore, there exists a critical knowledge and policy gap among built environment professionals in Nigeria. Many architects, builders, and engineers lack adequate training in multi-objective optimization approaches that balance energy efficiency, embodied carbon, lifecycle cost, and toxicity impacts. As a result, BIRES systems are often either over-designed leading to unnecessary material use and increased e-waste generation, or under-designed, thereby perpetuating dependence on diesel generators and increasing greenhouse gas emissions.
Against this background, how can building-integrated renewable energy systems be effectively optimized within the Nigerian context to simultaneously enhance climate and environmental security while addressing existing technical, environmental, and professional capacity gaps? This was the question the study sought to address.
Purpose of the Study
The main purpose of the study was to examine BIRES optimization practices among built environment professionals in Nigeria and to analyze the relationship between optimization awareness, perceived climate security benefits, and environmental security concerns.
Specific Purposes
1. To assess the level of BIRES adoption, optimization practices, and perceived barriers to implementation within Nigeria’s built environment sector. 
2. To examine the relationship between professionals’ awareness of BIRES optimization techniques and perceived climate security benefits, as well as perceived environmental security risks.
Research Question 
To guide the study, the following research questions were formulated:
1. What is the level of adoption and optimization of BIRES among Nigerian built environment professionals, and what key barriers limit effective optimization?
2. What is the relationship between professionals’ awareness of BIRES optimization methods and their perceived ability to achieve climate and environmental security outcomes in Nigerian building projects?
Hypotheses 
Two hypotheses formulated at 0.05 level of significance include:
H01: There is no statistically significant positive relationship between awareness of BIRES optimization techniques and perceived climate security benefits among builders and civil engineers.
H02: There is no statistically significant positive relationship between lack of lifecycle optimization practices and perceived environmental security risks among builders and civil engineers in BIRES projects.
Methodology 
Research Design
The study adopted a cross-sectional descriptive survey design using a structured questionnaire. This design enabled the collection of quantitative data from builders and civil engineers to examine BIRES optimization practices and related perceptions at a single point in time.
Area of Study
The study was conducted in the South-East geopolitical zone of Nigeria, comprising Abia, Anambra, Ebonyi, Enugu, and Imo States.
Population of the Study
The population comprised 150 registered builders and civil engineers practicing in South-East Nigeria. Specifically, the study targeted professionals registered with: Nigerian Institute of Building (NIOB) & Council for the Regulation of Engineering in Nigeria (COREN). Inclusion criteria included a minimum of five years of professional experience and active engagement in building design, construction, or engineering practice within the region.
Sampling Technique and Sample Size
A stratified random sampling technique was used, with strata based on the five South-East states to ensure equal regional representation. A sample size of 150 respondents was determined using Krejcie and Morgan’s sampling framework and proportionally allocated across the strata.
Instrument for Data Collection
The instrument for data collection was a structured questionnaire titled “BIRES Optimization and Security Questionnaire (BOS-SQ)”, designed to obtain relevant data from registered builders and civil engineers in South-East Nigeria. The questionnaire comprised three sections. Section A captured the demographic and professional characteristics of the respondents. Section B focused on BIRES adoption and optimization practices among the professionals. Section C assessed both the perceived climate security benefits and environmental security risks associated with Building-Integrated Renewable Energy Systems. All items in Sections B and C were measured on a 5-point Likert scale ranging from Strongly Disagree (1) to Strongly Agree (5).
Data Collection Procedure
Data were collected through both physical administration and online distribution (Google Forms) via professional associations and networks of builders and civil engineers in South-East Nigeria.
Data Analysis
Data was analyzed using SPSS version 25. Descriptive statistics were used to answer research questions while, two-way ANOVA analysis tested the hypotheses at a 0.05 level of significance. 
Ethical Considerations
Ethical approval was duly observed in the conduct of this study. Informed consent was obtained from all participants, either in written form for physically administered questionnaires or through a digital consent checkbox for online responses. Participation was entirely voluntary, and respondents were clearly informed of their right to withdraw from the study at any point without any penalty or negative consequence. In addition, strict anonymity was maintained throughout the research process, as no personal identifiers were collected or linked to individual responses, thereby ensuring confidentiality and protecting participants’ privacy.


Results 
Table 1
[bookmark: _Hlk209776660]Mean Ratings on BIRES Adoption, optimization practices and barriers to its implementation among builders and civil engineers 				(N = 150)
	S/N   Item statements                                                                                             SD1          SD2
       


1. BIRES level of adoption by professional 		2.03	2.19	0.71	0.77
2. BIRES level of optimization practices by 
Professionals 						1.81	1.97	0.66	0.69
3. Awareness optimization level by professionals	2.28	2.46	0.79	0.83
4. Climate-zone design adaptation level by
 professional 						1.83	2.01	0.68	0.72
5. Lack of tropical climate design guidelines barrier	4.36	4.28	0.69	0.73
6. High cost of imported components barrier		4.08	4.12	0.75	0.77
7. Optimization training barrier				4.04	3.92	0.80	0.84
8. Building and installation code barrier			4.24	4.18	0.72	0.78
9. Life cycle assessment practices availability		1.74	1.96	0.62	0.71
10. Awareness of lifecycle assessment by
 professionals 						4.01	3.95	0.77	0.82

	



The findings in table 1 indicate that BIRES adoption and optimization practices among builders and civil engineers in South-East Nigeria remain low. Although civil engineers reported slightly higher adoption and optimization scores than builders, both groups exhibited inadequate utilization of optimization techniques. The major barriers identified include lack of tropical-climate design guidelines, high cost of imported components, inadequate professional training, weak lifecycle assessment awareness, and absence of building code requirements.


Table 2
Two-Way ANOVA on Optimization Awareness, Professional Category and Perceived Climate Security Benefits
	Source
	
	SS
	              df
	MS
	F
	Sig.
	Dec.

	Optimization awareness 
Professional category
Awareness x professional category
Error 
	
	18.36

0.58

0.31


70.18
	2

1

2

2
143
	9.180

0.584

0.156

0.491
	  18.72 

1.19

0.32
	0.001

0.277

0.726
	 Do not accept H01

	
	
	
	
	
	
	
	



In table 2, since H0₁ has p .0001 < .05, the hypothesis was rejected. this implies that optimization awareness significantly influences perceived climate security benefits, while professional category and the interaction effect do not significantly influence perceptions.
Table 3
Mean Ratings on climate security benefits and environmental security risks according to professional category and optimization awareness level 	(N = 150)
	S/N   Item statements                                                                                             SD1          SD2
       


11. Reduction in diesel generator dependency 		4.32	4.47	0.62	0.57
12. Reduction in greenhouse emissions			4.18	4.39	0.68	0.55
13. Improved energy independence 			4.28	4.53	0.64	0.51
14. Enhanced climate resilient 				4.11	4.26	0.69	0.58
15. E-waste management control				4.20	4.05	0.71	0.74
16. Toxicology risk concerns from renewable 
Components						4.11	4.02	0.68	0.69
17. Resources depletion concerns				3.95	3.88	0.72	0.70
18. Issues of recycling infrastructure 			4.31	4.26	0.61	0.65
	


Respondents in table 3 generally agreed that optimized BIRES can significantly improve climate security through reduction of diesel generator dependence, enhanced energy independence, and reduction of greenhouse gas emissions. Respondents with high optimization awareness reported substantially higher perceptions of climate and environmental security benefits than those with low awareness. However, concerns regarding e-waste management, component toxicity, and inadequate recycling infrastructure remain prominent among both professional groups.
Table 4
Two-Way ANOVA on lifecycle optimization practices, professional category and perceived environmental security risks
	Source
	
	SS
	              df
	MS
	F
	Sig.
	Dec.

	Optimization awareness 
Professional category
Awareness x professional category
Error 
	
	16.37

0.73

0.44


69.12
	2

1

2

2
142
	8.184

0.73

0.22

0.49
	  16.84 

1.49

0.45
	0.001

0.224

0.639
	 Do not accept H01

	
	
	
	
	
	
	
	


In table 4, the hypothesis was not supported. This is because since H02 has p .0001 < .05. Thus, lifecycle optimization practices significantly influence perceived environmental security risks, whereas professional category and the interaction effect are not statistically significant.
Discussion
Findings in table1 show that BIRES adoption and optimization among builders and civil engineers in South-East Nigeria remain low. The mean score for BIRES adoption was low, while optimization practices such as tilt adjustment, dust mitigation, and lifecycle costing were also minimal. The major barriers identified were lack of tropical-climate design guidelines, high cost of imported components, and inadequate training in multi-objective optimization amongst others. These findings indicate weak and non-standardized BIRES implementation in the region, consistent with “guesswork installation” practices (Adekunle et al., 2025). Similarly, two-way ANOVA results in table 2 show a statistically significant difference in perceived climate security benefits based on levels of optimization awareness (F = 18.72, p < 0.001). Professionals with higher optimization awareness reported stronger perceived climate security benefits compared to those with lower awareness. Experience and professional role were not significant factors. Thus, H01 was not supported, confirming that optimization awareness significantly influences perceived climate security benefits among builders and civil engineers in South-East Nigeria.
Table 3 shows that higher BIRES optimization awareness is associated with stronger perceived climate security benefits among builders and civil engineers in South-East Nigeria. Respondents with high awareness reported greater benefits for grid independence and emissions reduction, while low-awareness respondents reported lower perceptions. Although BIRES is widely seen as beneficial for reducing diesel dependence, awareness of environmental safeguards such as e-waste management remains low, indicating an environmental security gap. These findings align with Voss and Musall (2023), who emphasized that net-zero building performance depends on proper system optimization rather than installation alone, and with Zabalza Bribián and Valero Capilla (2025), who highlighted the environmental risks of weak lifecycle assessment in building renewables. Table 4 results show a significant difference in perceived environmental security risks based on lifecycle optimization practices (F = 16.84, p < 0.001). Respondents reported higher risk perceptions thus, H02 was not supported. This reinforces evidence that inadequate lifecycle management undermines the environmental sustainability of renewable building systems (Voss & Musall, 2023; Zabalza Bribián & Valero Capilla, 2025).
Recommendations
Based on the findings of the study, the following two recommendations are proposed:
1. Policy and Regulatory Reform:
The Nigerian National Building Code should be updated to include a mandatory BIRES Optimization Protocol for all building-integrated renewable systems above 10 kWp. This should require lifecycle assessment or a simplified multi-objective optimization tool, climate-zone-specific design adjustments, and a compulsory e-waste management plan. This is necessary to address the very low level of optimization practices among professionals and to improve system efficiency and environmental protection.
2. Professional Training and Curriculum Integration:
Professional bodies should mandate continuous professional development (CPD) on BIRES optimization for all builders and civil engineers. In addition, universities should integrate BIRES optimization into building technology and engineering curricula. This will address the existing training gap and enhance professionals’ capacity to deliver climate-resilient and environmentally sustainable renewable building solutions.Top of Form
Conclusion
This study examined the optimization of Building-Integrated Renewable Energy Systems (BIRES) for climate and environmental security within the South-East geopolitical zone of Nigeria, focusing specifically on 150 registered builders and civil engineers. Findings indicate that although BIRES adoption in the region is low, there is strong perceived potential for its contribution to energy sustainability, with most respondents acknowledging that optimized systems could significantly reduce dependence on diesel generators.
A key outcome of the study is the identification of a pronounced optimization gap. Only a small proportion of respondents reported the use of systematic optimization techniques in BIRES applications, while lifecycle environmental considerations such as e-waste management and resource depletion are largely neglected despite awareness of associated risks. Statistical results further confirm both hypotheses: higher optimization awareness significantly influences perceived climate security benefits, while lack of lifecycle optimization practices is significantly associated with higher perceived environmental security risks.
Generally, the study demonstrates that the challenges limiting effective BIRES implementation in South-East Nigeria are primarily not technological but are linked to inadequate professional training, low optimization awareness, and weak policy support. The findings provide an empirical basis for improving practice among builders and civil engineers in the region. It is therefore concluded that targeted capacity building, regulatory strengthening, and curriculum integration are essential to improving BIRES performance. Without these interventions, BIRES adoption may remain suboptimal and potentially contribute to unintended environmental risks; however, with appropriate reforms, it can significantly enhance climate resilience and environmental sustainability in the South-East Nigerian built environment.
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