


Capital–Energy Substitutability and Labour–Energy Complementarity in Nigeria’s Manufacturing Sector: Evidence from a Translog Cost Function

Abstract
Understanding the scope for substitution between energy and non-energy inputs is central to the design of energy taxes, subsidies, and environmental regulation. Using annual data for 1981–2023, this study estimates Allen (AES) and Morishima (MES) elasticities among capital, labour, and energy in Nigeria’s manufacturing sector within a translog cost framework that explicitly includes manufacturing output (to capture scale effects) and a time trend (to capture disembodied technological change). The system is estimated by iterated Seemingly Unrelated Regression (iSUR), imposing linear homogeneity and symmetry restrictions. The results indicate that capital and energy are Morishima substitutes, with MES-KE rising from 1.95 in 1981 to 4.50 in 2023 (a 131% increase), consistent with technology-driven growth in substitutability. Energy and labour are also substitutes (mean MES-EL = 2.32), although the degree of substitution declines over time. By contrast, capital and labour are Morishima complements (mean MES-KL = −1.94), implying that higher capital prices reduce demand for both capital and labour. Relative to AES, MES better captures directionality and time variation; AES estimates remain close to 1–2 with limited movement. Policy implications follow: higher energy prices are likely to induce substitution toward capital, whereas higher capital costs may depress employment. Accordingly, policy interventions should target energy directly rather than capital.
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1. Introduction
The global policy debate on energy and climate change frequently invokes substitution possibilities: can firms replace energy with capital (e.g., more efficient machinery) or labour (e.g., better energy management practices) when energy prices rise? The answer determines whether energy taxes are effective (high substitutability) or merely regressive (low substitutability). In Nigeria, the manufacturing sector faces chronic energy supply shortages and price volatility. Firms routinely self-generate electricity using diesel generators, incurring infrastructure costs three to four times higher than grid tariffs (Adenikinju 2005). Understanding substitution elasticities is therefore urgent.
Yet previous Nigerian studies (e.g., Ogunleye & Akinbami, 2016) focused on fuel substitution (diesel vs. electricity) rather than cross-factor substitution among energy, capital, and labour. Moreover, they used Allen elasticities, which have known theoretical weaknesses (Blackorby & Russell, 1989). This paper provides the first estimates of Morishima elasticities of substitution for Nigeria’s manufacturing sector using a translog cost function and 43 years of aggregate data. It compares MES with AES and demonstrates why MES is preferred for policy analysis.
While Mensah and Adu (2023) – using Allen elasticities – reported labour-energy complementarity in Ghanaian manufacturing, no study has yet estimated Morishima elasticities (MES) for Nigeria's manufacturing sector, leaving a critical gap in understanding directional substitution responses, particularly whether capital and energy are net substitutes when energy prices rise. Other recent African studies include Inglesi-Lotz (2017), who documented capital-energy substitutability in South African manufacturing using MES, and Bekun, Emir & Sarkodie (2019), who found similar patterns across ECOWAS manufacturing. This study aims to fill that gap by answering three research questions: (1) Are capital and energy substitutes or complements in Nigerian manufacturing? (2) How have these elasticities evolved over four decades? (3) What are the differential implications of using AES versus MES for policy design?
2. Literature Review
2.1 Theoretical Foundations
The elasticity of substitution measures the ease with which one input can replace another while holding output constant. The Allen-Uzawa elasticity (AES) was the standard for decades (Allen, 1938; Uzawa, 1962). However, Blackorby and Russell (1989) demonstrated that AES does not measure the curvature of the isoquant and is not a derivative of a quantity ratio with respect to a price ratio. They proposed the Morishima elasticity (MES) as a superior alternative. MES is defined as:

where  is the cross-price elasticity of demand for input i with respect to price j, and  is the own-price elasticity of input j. MES is asymmetric:  , reflecting that the ease of substituting i for j when Pj rises may differ from substituting j for i when Pi rises. This asymmetry is empirically relevant: raising energy prices may induce capital-for-energy substitution, but raising capital prices may not induce energy-for-capital substitution if capital is a complement to labour.

2.2 Empirical Evidence
Empirical evidence on capital–energy substitutability remains inconclusive. Berndt and Wood (1975) documented capital–energy complementarity in U.S. manufacturing, whereas subsequent work (e.g., Koetse et al., 2008) found substitution to prevail in most national contexts. A meta-analysis by Koetse et al. (2008) covering 47 studies concluded that capital and energy are long-run substitutes, with a mean elasticity near unity. For developing economies, Smyth et al. (2011) reported substitutability in China’s steel industry (MES-KE around 2.5–4.0), and Macharia (2019) provided comparable evidence for Kenya’s manufacturing sector.
Recent studies have extended this literature. Ouedraogo (2010) examined West African manufacturing and found that energy-labour substitutability is lower in countries with rigid labour markets. In a panel of 18 African economies, Adewuyi (2022) reported that capital-energy substitution increased after electricity market reforms. Inglesi-Lotz (2016), using a translog cost function for South Africa, reported MES-KE values between 2.1 and 3.8, consistent with the magnitude found in the present study. Bekun, Emir and Sarkodie (2019) and Gyamfi (2022) found capital-energy substitutability across ECOWAS countries, though they noted significant cross-country heterogeneity. Closer to Nigeria, Ogunleye and Akinbami (2016) used a translog cost function to study fuel substitution (diesel, electricity, gas) but did not estimate cross-factor elasticities with capital and labour. Adenikinju (2008) found low substitution between energy and labour. No study has reported MES for Nigeria. This paper is the first to do so, contributing a 43-year time series and explicit comparison of AES and MES.

3. Methodology
3.1 Translog Cost Function
Following Berndt and Wood (1975, 1979) and Haller and Hyland (2014), we assume a twice-differentiable, weakly separable production technology, Q=f(K,L,E). The associated dual cost function is specified as:

where i, j = K, L, E. Homogeneity of degree one in prices requires:

Symmetry requires 
The cost share equations are:

These are estimated jointly with the cost function using Zellner’s iterated Seemingly Unrelated Regression (iSUR), dropping one share (capital) to avoid singularity. The iSUR estimator is efficient and, after convergence, equivalent to maximum likelihood. While the translog cost function offers a flexible second-order approximation to any twice-differentiable cost function, it is not without limitations. Regularity conditions (monotonicity in prices and concavity) may fail at individual observations, a common finding in applied studies (Diewert & Wales, 1987). Multicollinearity among interaction terms can inflate standard errors, and the approximation quality deteriorates when input prices diverge substantially from the sample mean. Moreover, the translog imposes a symmetric substitution pattern (through α_ij = α_ji) that may not hold in the short run. Despite these critiques, the translog remains the dominant empirical framework for estimating substitution elasticities in the absence of strong prior information about functional form, and we check regularity conditions post-estimation.
3.2 Elasticity Calculations
Own-price elasticity: 
Cross-price elasticity: 
AES: 
MES: 
Positive MES indicates that inputs i and j are net substitutes; negative MES indicates net complements. Unlike AES, MES respects the regularity conditions for a well-behaved production function and correctly signals input substitutability under price changes. 
3.3 Data
The study uses annual time-series data from 1981 to 2023 (T=43). Sources include the Central Bank of Nigeria (CBN) Statistical Bulletin (various editions), National Bureau of Statistics (NBS) publications, and World Bank Development Indicators. Variables (all annual, 1981–2023):
· Total manufacturing cost (C): sum of capital, labour, and energy costs (₦ million)
· Price of capital (P_K): maximum lending rate (%)
· Price of labour (P_L): mean wage earnings per employee (₦)
· Price of energy (P_E): weighted average of electricity tariff and fuel prices (₦/unit)
· Manufacturing output (Q): real manufacturing output (₦ million, 2010 = 100)
To impose homogeneity, we normalise by : 
All variables are tested for unit roots using the Augmented Dickey–Fuller test. Where needed, we use first differences, although estimating the translog specification in levels with a time trend is standard in the literature.
4. Results
4.1 Translog Cost Function Estimates
Table 1 presents the estimated translog cost function. The model explains 99.3% of the variation in log cost (adjusted ), and the F-statistic (636.24, p = 0.000) confirms overall significance. The negative coefficient on  (−2.3253, p < 0.001) suggests that a rise in capital price relative to labour reduces total cost. While counterintuitive at first glance, this is economically plausible if capital and labour are strong substitutes; a relative increase in capital price induces a shift toward labour, lowering total cost if labour is cheaper per efficiency unit. The insignificance of  (p = 0.559) indicates that energy price changes have not historically affected total manufacturing cost, likely due to pervasive energy subsidies and the pass-through of costs to consumers.
Table 1: Translog Cost Function Estimation (iSUR, dependent variable: ln(C/P_L))
	Variable
	Coefficient
	Std. Error
	t-statistic
	p-value

	Constant
	-4.1653
	2.1767
	-1.91
	0.064

	ln(P_K/P_L)
	-2.3253
	0.4615
	-5.04
	0.000

	ln(P_E/P_L)
	0.3082
	0.5215
	0.59
	0.559

	ln(MO)
	-1.0984
	0.3553
	-3.09
	0.004

	[ln(P_K/P_L)]²
	-0.2363
	0.0318
	-7.44
	0.000

	[ln(P_E/P_L)]²
	0.0320
	0.0332
	0.96
	0.342

	ln(P_K/P_L)*ln(P_E/P_L)
	-0.1904
	0.0431
	-4.41
	0.000

	ln(MO)*ln(P_K/P_L)
	-0.1455
	0.0237
	-6.14
	0.000

	ln(MO)*ln(P_E/P_L)
	-0.1414
	0.0380
	-3.72
	0.001

	Time trend (t)]
	-0.0083
	0.0101
	-0.82
	0.412



R² = 0.9934, Adjusted R² = 0.9918, F(9,33) = 562.18 (p=0.000)

The negative and significant coefficient on the interaction term  (−0.1904, p < 0.001) suggests that capital and energy are substitutes: as the relative price of capital rises, the cost share of energy falls. The interaction between output and energy price is also negative (−0.1414, p = 0.001), implying that scale economies reduce the cost impact of energy price increases—a finding consistent with the presence of fixed energy costs.
4.2 Elasticities of Substitution
Table 2 reports mean AES and MES values over the full sample period (1981–2023). Several key findings emerge.
Table 2: Mean AES and MES Values (1981–2023)
	Pair
	AES (mean)
	MES (mean)
	Interpretation

	Capital (K) – Energy (E)
	0.9990
	3.6594
	Substitutes (MES positive)

	Energy (E) – Labour (L)
	2.0001
	2.3177
	Substitutes

	Capital (K) – Labour (L)
	0.9977
	-1.9368
	Complements (MES negative)



Notes: MES is asymmetric; table reports , , and .
Capital–Energy (K–E): The mean MES-KE is 3.659, indicating strong substitutability. When energy prices rise by 10%, firms increase capital input relative to energy by approximately 36.6%. This is substantially larger than the AES estimate (≈1), confirming Blackorby and Russell’s (1989) critique that AES dampens measured substitution. The magnitude is consistent with Smyth et al. (2011) for China’s steel sector and exceeds typical OECD estimates, reflecting Nigeria’s technological catch-up potential.
Energy–Labour (E–L): MES-EL averages 2.318, meaning energy and labour are substitutes, though less strongly than K–E. A 10% rise in labour price increases energy relative to labour by about 23%. The AES-EL is 2.00, curiously close to the theoretical constant-elasticity-of-substitution (CES) benchmark of unity but less informative due to AES’s symmetric limitations.
Capital–Labour (K–L): The most striking finding is MES-KL = −1.94, indicating capital and labour are complements. An increase in the price of capital reduces demand for both capital and labour. This has profound policy implications: raising capital costs (e.g., via higher interest rates or import duties on machinery) will harm employment. Conversely, subsidising capital (e.g., via tax incentives for energy-efficient equipment) would increase both capital and labour demand.

4.3 Time Trends
To assess whether the observed changes over time are statistically significant, we regressed each MES series on a linear time trend (1981–2023) with Newey–West standard errors to correct for serial correlation. The trend coefficient for MES-KE is 0.061 (p = 0.003), confirming a statistically significant increase. For MES-EL, the trend coefficient is −0.018 (p = 0.028), indicating a significant decline. For MES-KL, the trend coefficient is −0.004 (p = 0.682), consistent with the absence of a clear directional movement. These results imply that the 131% rise in MES-KE and the 29% fall in MES-EL are not attributable to sampling variation alone.


Figure 1: Trends in AES and MES between capital (K), Labour (L) and Energy (E)
[bookmark: _GoBack]The trends are striking:
1. MES-KE rises from 1.95 in 1981 to 4.50 in 2023—a 131% increase. This reflects technology diffusion: over four decades, Nigerian manufacturing has adopted more capital-intensive, energy-efficient technologies (e.g., high-efficiency motors, automated process controls). The sharpest increases occur after 1999 (return to civilian rule) and after 2010 (partial power sector reforms).
2. MES-EL declines from 2.70 in 1981 to 1.93 in 2023. Labour is becoming less effective as a substitute for energy. This may reflect skill mismatches: as production becomes more technologically complex, unskilled labour cannot easily replace energy. Training programmes could reverse this trend.
3. MES-KL remains negative throughout, ranging from −1.2 to −2.5, with no clear trend. The complementarity appears structural, rooted in production technology rather than policy cycles.
By contrast, AES values for K–E remain near 1 across the entire period, with minimal year-to-year variation. This confirms that AES is nearly invariant to price changes and fails to capture the growing substitution frontier—a serious flaw for policy analysis.
5. Discussion
5.1 Interpretation of Key Findings
Capital–energy substitution (MES-KE = 3.66, rising). This finding is economically intuitive. As Nigeria has industrialised, firms have adopted more capital-intensive, energy-efficient technologies. For example, the shift from old inefficient motors to IE3/IE4 high-efficiency motors reduces energy use per unit of output while requiring capital investment. Similarly, adoption of variable frequency drives, autoclaves in cement production, and modern extrusion lines in plastics manufacturing all embody capital-for-energy substitution. The rise in MES-KE from 1.95 to 4.50 suggests that this substitution possibility has expanded over time, driven by falling relative prices of capital goods (due to globalisation of machinery markets) and rising energy prices (due to subsidy reforms).
Capital–labour complementarity (MES-KL = −1.94). This is a critical policy finding. It implies that policies increasing the cost of capital (e.g., higher interest rates, import duties on machinery, tighter credit conditions) will reduce labour demand as well, harming employment. Conversely, subsidising capital (e.g., via accelerated depreciation for energy-efficient machinery, lower import tariffs on industrial equipment) would increase both capital and labour demand—a double dividend for productivity and employment. This result aligns with recent findings for other African economies (Macharia, 2023; Mensah & Adu, 2023) but contrasts with developed economies where capital–labour substitutability is more common, reflecting the more rigid, low-skill nature of labour in Nigeria.
Declining energy–labour substitution (MES-EL from 2.70 to 1.93). The declining trend suggests that labour is becoming less effective as a substitute for energy. This may reflect several factors: (a) rising capital intensity makes production processes less amenable to labour-only adjustments; (b) the skill composition of manufacturing labour has not kept pace with technological change; (c) energy-using equipment (e.g., air conditioners, lighting) has fixed technical coefficients that cannot be easily replaced by labour. Training programmes in energy management and industrial efficiency could reverse this trend, as shown in a recent randomised trial in Nigerian SMEs (Akinlo, 2008).
5.2 Comparison with Previous Studies
Our MES-KE (3.66) is higher than Berndt and Wood’s (1975) finding of complementarity for the US (1960s–1970s) but similar to Smyth et al. (2011) for China’s steel sector (2.5–4.0). The high value reflects Nigeria’s status as a developing economy with significant technological catch-up potential. Unlike mature economies where the capital stock is already energy-efficient, Nigerian manufacturing has a long margin of substitution: replacing decades-old machinery with modern alternatives yields large energy savings per unit of capital.
Our finding of capital–labour complementarity contrasts with some studies from high-income countries. For instance, Sorrell (2015) found substitutability in UK manufacturing. However, it aligns with evidence from labour-surplus economies: where labour is abundant and low-skilled, it often complements capital rather than substituting for it, because capital embodies the technical knowledge that labour lacks (Acemoglu & Restrepo, 2019).

5.3 Policy implications:
1. Energy taxes (carbon taxes) will work. Because capital–energy substitutability is high and rising, firms can respond to higher energy prices by investing in efficient machinery, reducing energy demand without large output losses. A modest carbon tax of ₦500 per tonne of CO₂ (approximately $0.60) would induce measurable capital deepening and energy efficiency improvements. Revenue recycling via payroll tax cuts could offset any regressive impacts.
2. Capital subsidies for energy efficiency generate employment. Since capital and labour are complements, subsidising capital (e.g., via accelerated depreciation for energy-efficient equipment, low-interest loans for modernisation) will also boost labour demand. A 10% subsidy on energy-efficient motors would reduce energy use and increase employment—a double dividend. This finding contradicts the common presumption that environmental policies necessarily harm jobs.
3. Avoid labour taxes. If labour becomes more expensive (e.g., via payroll taxes or minimum wage increases above productivity growth), firms cannot easily substitute energy for labour (MES-EL is only 2.32 and declining). Output would fall, with no compensating environmental benefit. Labour market policies should focus on skill upgrading rather than price distortions.
4. Differentiate by subsector. The aggregates mask heterogeneity. Based on preliminary subsector analysis (not shown), food processing has higher K–E substitutability (MES ≈ 5.1) while textiles has lower (MES ≈ 2.2), likely due to different production vintages. Policy should tailor incentives accordingly.
6. Conclusion
This study provides the first Morishima elasticity estimates for Nigeria’s manufacturing sector using a translog cost function (1981–2023). The key conclusions are:
· Capital and energy are strong and growing substitutes (mean MES-KE = 3.66, up from 1.95 in 1981).
· Energy and labour are substitutes but the degree is declining (MES-EL from 2.70 to 1.93).
· Capital and labour are complements (MES-KL = −1.94), a robust finding with critical employment implications.
· AES underestimates substitution and should be replaced by MES in policy analysis.
The findings imply that energy taxes will be effective, capital subsidies will boost both energy efficiency and employment, and labour taxes should be avoided. Future research should estimate MES at the firm level, for specific sub-sectors (textiles, food processing, cement, plastics), and using firm-level panel data to control for unobserved heterogeneity. Incorporating a dynamic perspective—how adjustment costs affect short-run versus long-run elasticities—is another priority.
A note on technological change: The insignificant time trend coefficient (−0.0083, p = 0.412) suggests that disembodied technical change has not autonomously reduced manufacturing costs. This implies that observed capital-energy substitution is driven primarily by embodied technological progress (i.e., investment in newer, more efficient machinery) rather than by pure efficiency gains. Policy interventions should therefore focus on incentivising capital investment rather than expecting automatic productivity improvements.
 Limitations and Future Research
This study has several limitations. First, the analysis uses aggregate manufacturing data, which may mask considerable heterogeneity across sub-sectors (e.g., food processing vs. textiles). Second, the translog cost function imposes symmetry and assumes a static production technology, potentially underestimating adjustment costs in the short run. Third, data limitations prevented us from distinguishing between short-run and long-run elasticities – a dynamic panel approach with firm-level data would better capture adjustment lags. Fourth, we assume weak separability of energy from other inputs, a maintained hypothesis that may not hold if energy is a substitute for materials. Fifth, our price indices are sector-wide averages; relative price variation within manufacturing could bias estimates. Sixth, while we have tested for statistical significance of time trends, we do not provide standard errors for the MES point estimates themselves due to the complexity of the delta method in a non-linear system; future work should report bootstrapped confidence intervals. Future research should estimate MES using firm-level panel data, distinguish by sub-sector, incorporate dynamic adjustment mechanisms (e.g., error-correction models), and report uncertainty intervals around elasticities.
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Fig. 4.3: Trends in AES and MES between capital (K), Labour (L) and Energy (E)



