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Abstract

:

This paper proposes a refinement of the multivariate diffusion UCTT model to explore the energy transition in the US commercial sector. The model analyzes the electricity market’s interdependencies between coal, gas, and biomass, allowing a deeper understanding of the system. In addition, the comparison with the industrial sector electric system provides a valuable indication of how the US commercial sector has solid grounds for a more ready and suitable environment to accelerate the energy transition.
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1. Introduction


An extensive structural transformation in energy systems is denoted by the term energy transition.This transition is often referred to as the decarbonization of the energy sector and aims to shift the system to renewable energy technologies (RETs), implying a change from centralized to decentralized energy production [1]. According to the International Renewable Energy Agency [2], the use of appropriate technology and regulations in all sectors, including real estate, may potentially reduce carbon emissions from the energy sector by 90%. In recent years, many studies have been conducted on the causal relationships between green energy consumption and economic growth in the US [3,4,5,6], emphasizing how institutional and political policies have impacted on the diffusion of US renewable energy and the decrease in fossil fuels [7]. In this context, the US commercial real estate industry has made significant strides in energy efficiency [8] and sustainability [9] using green energy sources. Many policies and initiatives have been put in place to encourage and facilitate the adoption of more environmentally friendly practices in this sector [10,11,12]. In this context, the Energy Performance of Buildings Directive requires all new real estate construction beginning after 2021 to adhere to the “virtually zero-energy buildings” standard in order to combat the property industry’s GHG emissions’ slow decline [13]. Incentives, technological advancements, and cost reductions all contribute to reducing barriers that hinder renewable energy development [14], paving the way to continue expanding the use of green energy in the future [15]. Energy efficiency and sustainability are becoming increasingly valued in the commercial sector not only for the environmental benefit aspects but also for investing in energy-efficient technologies, and infrastructure is becoming a sliding door for constructors and property managers to increase the market value of their properties [16].



Based on these premises, this project aims to analyze in depth how the energy transition path is developing in the commercial real estate sector. This study compares this green energy diffusion scenario with the one of another exemplary and significant US sector, the industrial one, focusing on examining the relationships between renewable and carbon fossil energy diffusion. Energy policies for the commercial and industrial sectors in the US are similar in many ways, as both sectors are subject to the same national- and state-level policies regarding energy efficiency and sustainability [17]. However, the specifics of these policies and regulations may differ based on several factors, such as the scale, energy intensity, and operational differences between the two sectors [18].



In the literature, diffusion models have been extremely valuable for defining and forecasting the development of an energy source, considering it as a technology that must be accepted in a market [19]. This well-established area of study [19,20,21,22,23] allows for analysis of the temporal dynamics of energy sources in order to comprehend the intricate dynamics of energy systems. Understanding how products or technologies compete or collaborate is essential for describing the trend of diffusion processes. Depending on the situation, the presence of competition can act both as a barrier to the growth of the innovation under consideration and as a stimulus for its development [24]. From this perspective, this project studies and compares commercial and industrial sectors’ energy transitions in order to comprehend the intricate dynamics of energy systems through a refinement of the UCTT multivariate diffusion model presented in [25]. This paper examines the temporal diffusion of coal, gas, and biomass in the two sectors to identify peculiarities, similarities, and differences that characterize each energy system since the development and diffusion among different sectors can play a role in establishing technological innovation systems [26].



The rest of this paper is organized as follows. Section 2 clarifies the methodological approach based on the UCTT model refinement and presents the data of interest. In Section 3, the model is applied to the commercial and industrial sector cases, and the main outcomes are illustrated. Section 4 is left for concluding discussion about the findings. Furthermore, Appendix A reports a detailed explanation of the refinement method applied, while Appendix B discusses similarities and differences between the old and new UCTT model versions.




2. Materials and Methods


The data on the energy transition in the US commercial and industrial sectors were retrieved from the US Energy Information Administration [27] and refer to the energy consumption (billion Btus) for electricity generation and useful thermal output from 2003 to 2021 (2003, from which biomass data are available, is considered the starting date, even if the data for the other energy sources are available from 2001). The analysis focuses on three primary energy sources: coal (coal, petroleum liquids, petroleum coke), gas (natural gas), and biomass (wood waste biomass, landfill gas, biogenic municipal solid waste, other waste biomass). Figure 1 illustrates the observed time series for each sector separately.



Grounded on the diffusion model literature, the analysis has been implemented through a refinement of the synchronic form of the ODE multivariate diffusion model called Unbalanced Competition for Three Technologies (UCTT) [25] (for the industrial case, the constraint assumption (  ζ = ρ + ξ  ) has been considered on the model). The model is a system of differential equations in which    z i ′   ( t )   ,   i = 1 , 2 , 3   reflects the instantaneous consumption of the first, second, and third technologies, respectively, and    z i   ( t )   ,   i = 1 , 2 , 3   indicates the cumulative consumption of each technology i.


      z 1 ′   ( t )     =    m  {  [  p  1 d   +  (  q  1 d   + ζ )      z 1   ( t )   m   +  q  1 d       z 2   ( t )  +  z 3   ( t )   m   ]  }   [ 1 −    z ( t )  m   ]         z 2 ′   ( t )     =    m  {  [  p  2 d   +  q  2 d       z 2   ( t )   m   +  (  q  2 d   − ρ )      z 1   ( t )  +  z 3   ( t )   m   ]  }   [ 1 −    z ( t )  m   ]         z 3 ′   ( t )     =    m  {  [  p  3 d   +  q  3 d       z 3   ( t )   m   +  (  q  3 d   − ξ )      z 1   ( t )  +  z 2   ( t )   m   ]  }   [ 1 −    z ( t )  m   ]                m   =     m  1 d   +  m  2 d   +  m  3 d         z ( t )    =     z 1   ( t )  +  z 2   ( t )  +  z 3   ( t )      



(1)







The description of the parameters is summarized in Table 1 (see [25] for a more extensive discussion of the model’s parameters). The crucial feature of this model is its ability to capture and compare the interplay of different energy sources using the same modeling approach, testing the nature and significance of the relationship between technologies that may be in competition (when the cross-influence parameter estimate is negative) or collaboration (when this parameter estimate is positive).



The refinement proposed in this paper has been implemented on the   z   ( t )  i    components. The previous version of the model presented in [25] considered   z   ( t )  i    to be the observed cumulative series of each i series in the phase where all the three sources compete in the market, assuming an initial condition of   z   ( 0 )  i  = 0  . Instead, following the lead of [28], in this work, the model implementation has been progressed by introducing an initial condition in which the first value   z   ( 0 )  i    of the cumulative series   z   ( t )  i    has to be ideally as close as possible to the cumulative historical value of the series examined at the time before the competition begins. From the standpoint of the multivariate diffusion model world, this new assumption plays a crucial role in introducing additional knowledge on the life cycle of the energy sources. This is fundamental for better estimating the parameters that reflect the scale of the process and identifying more precisely the factors that determine the trends during the competition phase. So, in this analysis, these initial conditions have been introduced to this new version of the UCTT model, considerably changing the   z   ( t )  i    values. Consequently, the   m  i d    values that are initialized as the Bass model market potential of each   z   ( t )  i    are also different from the previous version of the model (see [29] for a detailed description of the parameter).



The data analyzed are accessible from 2001 (coal and gas) and 2003 (biomass); however, it is known that these sources were employed for generation power prior to these dates [30]. To take into account this crucial information and set up the initial condition of the model, the series of US total electricity generation (billion Btus) from 1985 to 2021 has been utilized to calculate an estimation of the initial value   z   ( 0 )  i    for the three series analyzed (source: BP Statistical Review of World Energy [31]). Since the BP series includes all energy sources, the average proportion of electricity generated via each of the three series of interest has been calculated from 2001 (or 2003, respectively) to 2021. Based on these averages, approximations of the series from 1985 to 2001 (or 2003, respectively) have been generated. The initial condition of each source was set as the cumulative value of the new approximated series in 2002 (for coal and gas, the values of 2001 and 2002 were retrieved for the EIA’s available ones to be more precise in the   z   ( 0 )  i    definition). The specification of the method utilized to calculate the estimation of the initial value   z   ( 0 )  i    and illustrations of the approximative historical series for both sectors are reported in Appendix A.




3. Model Application and Results


Figure 2 shows that the model can account for the energy transitions in both sectors. The models present a satisfactory result in terms of the goodness-of-fit and significance of parameters (see Table A1 and Table A2 in Appendix B), and the relationships between the three competitors take a clear meaning. Critical parameter estimates are summarized in Table 2 and denote that coal and gas have similar parameter estimation values, whereas the different patterns for biomass emphasize a distinct evolution of the energy transition in the two sectors. The estimates for coal’s internal influence are positive and relatively weak (in the commercial case, the parameter  ζ  is not significant, which is a reasonable outcome given its stable trend in the last years evaluated) and the cross-influence ones are negative and powerless, which is coherent with the declining direction of both series determined by the contenders’ competition and coal’s own weak strength on the market due to the more intense restrictions on its utilization. The gas results highlight solid internal growth and a significant competition. Competitors (especially biomass) seem to be able to wield a mighty competitive force; in the commercial sector, this is more emphasized by the highest value of cross-influence, which reflects the gas series trend decline in the last years observed. Besides this competition, the strong and positive internal coefficients show the importance of this energy source in both markets. For the green energy source, the sectors present different results. The negative internal influence estimate for the industrial one contemplates the difficulty of developing the consumption of green energy sources, which is fluctuating around an evident stable trend. The collaborative support highlighted from the cross-influence corresponds to the necessary push promoted by competitors, who, by reducing their use, force the continued pursuit of green source development. On the contrary, the commercial sector presents a strong internal influence, emphasizing the force of the incentives promoted to stimulate renewable diffusion and a negative cross-influence driven by the strong gas development within the market, which has limited biomass expansion.




4. Discussion


The efficacy and distributional implications of policies and initiatives on the energy transition of the US commercial sector are still broadly open questions to date. Answering these questions with sound analyses is crucial to the future design of policies as well as the implementation of ESG regulations by private-sector operators. The analysis conducted in this paper does not consider specific policy implementation; still, it may provide a useful means to describe and explore, in a relatively simplified way, the dynamics occurring between the studied critical energy sources in the US commercial sector.



The UCTT model indicated that the grounds for the energy transition in the US commercial sector are strong: biomass is growing and sustained by a widespread internal belief towards sustainability pursuits. Still, it also suggested a significantly negative effect played by gas and coal, limiting their expansion due to their higher efficiency to date and presence in the market. On the contrary, the model identifies a negative internal component in the industrial sector that outlines biomass consumption’s complex and slow diffusion. It also accounts for a positive influence of competitors that describes the need to make up for reducing fossil fuel consumption to undergo the tight CO2 emission levels and pursue environmental policies.



From this perspective, how different policies may affect the relationships among energy sources in this market remains an open question. According to [7], renewable energy policies are important tools in stimulating the deployment capacity of green energy sources for electricity, although their effectiveness varies depending on the type of policy instrument. From this standpoint, a possible future development benefit from diffusion models is to study each individual policy’s impact within the relationships identified by the UCTT model; this could be a first step toward a more quantitative analysis of policy effects on the energy transition.



In conclusion, compared to the industrial sector, the US commercial sector has a more ready and suitable environment to accelerate the energy transition to renewables. In the industrial sector, progress is occurring slowly; more excellent material and energy efficiency, a more rapid uptake of renewable fuels, and a faster development and deployment of low-carbon production processes are all critical requirements. Instead, the commercial sector’s trend towards adopting green energy solutions is expected to persist as policy initiatives, private sector action, and market forces continue to decrease the cost of renewable energy technologies and improve sustainability and energy efficiency in the real estate market.
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Appendix A


This appendix illustrates the approximate reconstruction of the coal, gas, and biomass time series in both the commercial and industrial sectors. As mentioned in Section 2, the series of US total electricity generation (  T O T  ) [31] from 1985 to 2021 has been utilized to calculate an estimate of the initial conditions   z   ( 0 )  i    for the three series analyzed in both sectors considered. This series aggregates all the US electricity generation, without distinctions of sectors or technology types.



For each technology series in each sector (  T E  C i   ), the approximate series from 1985 to 2001 has been reconstructed with the basic method described below (for simplicity, the year 2001 is used to define the time division between approximate and observed series, but for biomass it is implied to be 2003 instead of 2001: see Section 2 for details).



	-

	
Calculate the average of the observed yearly proportion:



  A  V i  = m e a n  (   T E C   ( j )  i    T O T ( j )   )   , for j = 2001, …, 2021.




	-

	
Calculate the yearly approximate series:



  T E C   ( j )  i  = T O T  ( j )  * A  V i   , for j = 1985, …, 2001.







It is recognized that the approximate series obtained with this basic method are different from the real ones; still, since the real series are not available, this study aims to provide only an estimate of the cumulative series before 2001, and this method has been considered a sufficient starting point. Especially for the coal series, it is known from the literature that the series should be characterized by a strong decreasing trend instead of the flat ones presented in the graphs below. Still, though the scope of this work is not to replicate the real series of coal, gas, and biomass in the two sectors, this reconstruction has been used as an instrument to estimate the values to initialize the initial conditions of the model (this approximate reconstruction could be improved through a more sophisticated method, but this is not the focus of this work. Some tests were run by changing the initial conditions, and the model returned similar estimates that do not modify the interpretation of the results of this paper).
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Figure A1. Approximate reconstruction through the basic method described in Appendix A of coal, gas, and biomass time series for the US commercial sector. 
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Figure A2. Approximate reconstruction through the basic method described in Appendix A of coal, gas, and biomass time series for the US industrial sector. 
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[image: Engproc 39 00015 g0a2]






Appendix B


The parameter estimate results from the new versions of the UCTT model implementation on the data analyzed are reported in this Appendix.
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Table A1. Parameter estimates of new version of the UCTT model for the commercial sector.
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	Estimate
	Std.Error
	Lower
	Upper
	p-Value





	   m d   
	6,973,179
	91,091
	6,794,644
	7,151,714
	0.0000



	   p  1 d    
	0.0156
	0.0017
	0.0123
	0.0190
	0.0000



	   p  2 d    
	−0.0539
	0.0042
	−0.0622
	−0.0456
	0.0000



	   p  3 d    
	−0.0132
	0.0022
	−0.0175
	−0.0089
	0.0000



	   q  1 d    
	−0.0234
	0.0123
	−0.0476
	0.0008
	0.0642



	   q  2 d    
	0.7508
	0.0674
	0.6188
	0.8828
	0.0000



	   q  3 d    
	2.0332
	0.4549
	1.1416
	2.9247
	0.0000



	  ζ  
	0.0748
	0.0569
	−0.0366
	0.1862
	0.1950



	  ρ  
	1.2720
	0.1317
	1.0139
	1.5301
	0.0000



	  ξ  
	2.6007
	0.5979
	1.4288
	3.7726
	0.0001
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Table A2. Parameter estimates of the new version of the constrained UCTT model for the industrial sector.
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	Estimate
	Std.Error
	Lower
	Upper
	p-Value





	   m d   
	187,205,020
	40,593,547
	107,643,130
	266,766,910
	0.0000



	   p  1 d    
	0.0075
	0.0018
	0.0040
	0.0110
	0.0001



	   p  2 d    
	0.0012
	0.0018
	−0.0024
	0.0047
	0.5270



	   p  3 d    
	0.0034
	0.0013
	0.0009
	0.0060
	0.0107



	   q  1 d    
	−0.0291
	0.0099
	−0.0485
	−0.0096
	0.0051



	   q  2 d    
	0.2801
	0.0960
	0.0919
	0.4683
	0.0054



	   q  3 d    
	−0.1861
	0.0753
	−0.3336
	−0.0385
	0.0170



	  ρ  
	0.4354
	0.1489
	0.1437
	0.7272
	0.0052



	  ξ  
	−0.3327
	0.1362
	−0.5996
	−0.0658
	0.0183
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Figure 1. Observed time series of energy consumption for electricity generation and useful thermal output of coal, gas, and biomass in the US commercial and industrial sectors (2003–2021). 
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Figure 2. Observed and predicted time series of energy consumption for electricity generation and useful thermal output of coal, gas, and biomass in the US commercial and industrial sectors (2003–2021). 
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Table 1. Description of the UCTT model’s parameters.
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	    m =  m  1 d   +  m  2 d   +  m  3 d      
	Market potential:





	
	max. consumption level in that market for the analyzed technologies



	    p  1 d   ,  p  2 d   ,  p  3 d     
	Seed coefficient of each technology:



	
	initial dissemination of the technology



	    q  1 d   + ζ ,  q  2 d   ,  q  3 d     
	Internal influence of each technology:



	
	technology-specific growth after the innovation phase



	    q  1 d   ,  q  2 d   − ρ ,  q  3 d   − ξ   
	Cross-influence of each technologies:



	
	competitors’ effect on the considered technology
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Table 2. UCTT internal and cross-influence parameter estimates by sector.
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	Influence
	Commercial
	Industrial





	Coal
	Internal
	0.0514
	0.0737



	
	Cross
	−0.0234
	−0.0291



	Gas
	Internal
	0.7508
	0.2801



	
	Cross
	−0.5212
	−0.1553



	Biomass
	Internal
	2.0332
	−0.1861



	
	Cross
	−0.5675
	0.1466
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