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Abstract

:

The increased decentralization of renewable energy has increased curtailment rates in stagnating demand zones, increasing the levelized cost of energy (LCOE). The geographically dynamic nature of gravity energy storage (GES) is emerging in the field of mechanical energy storage, over pumped hydro. However, GES costs vary geospatially, specifically in decentralized suburban areas, due to the impact of urban socioeconomics. This study aims to find a mathematical approximation of a cost-optimized location for suburban Solar–GES hybrid systems in curtailment-prone areas. A multi-parameterization model mathematically programmed land, transmission, supply chain and excavation costs into geospatial matrix approximations for suburban areas of 2500 km2 in Fukuoka and Ibaraki in Japan. It was found that SPV-GES location-dependent costs were mainly affected by distance from the city’s economic center and flat plains in suburbs, and supply chain and transmission costs optimized the location-dependent cost for GES at a specific point. It was also found that flat terrains were more economical than mountainous terrains due to high GES supply chain costs. With GES found to be cost-competitive compared to other storage technologies in Japan, this study reveals that GES introduction benefits the LCOE of suburban, decentralized SPV when curtailment is >50% irrespective of terrain.
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1. Introduction


In the struggle to achieve net zero emission targets, variable renewable energy sources (VREs) like wind and solar photovoltaic (SPV) have become the major options. Due to advanced methods of fabrication, semiconductor material synthesis and power loss reduction, the efficiency of SPV is increasing every day [1,2]. This has brought the levelized cost of energy (LCOE) of SPV lower than fossil fuels in several countries like China [3,4], Japan [5,6] and India [3,7]. Socioeconomic analysis has also been carried out to reduce the LCOE of SPV further in terms of social acceptance [6], internal rate of returns (IRR) [8,9] and spatial cost variability [10]. However, in recent years, the rate of adoption of SPV power has increased manifold owing to the Paris Agreement’s determined contributions and net zero targets [1,6], which has led to supply being significantly larger than demand, even during the non-peak production hours [11]. The capacity factors for SPV are 10–12% in countries with stagnating electricity demand like Japan and Germany [11,12,13]. Additionally, intermittency due to cloud covers and weather has also contributed to the curtailment of SPV production in high-PV-penetration areas with lower demand [14], while several policy simulations like time-of-day charging for electric vehicles [15] and subsidized time-of-day consumption (when SPV power is generated) [16], etc., have not been significant in increasing the capacity factors in curtailment-prone areas. This has the potential to increase the LCOE as more utility-scale SPV is introduced in line with net-zero commitments.



Energy storage technologies such as batteries and pumped hydro energy storage (PHES) have been considered for solving the diurnal intermittency of SPV and wind generation [17,18]. However, curtailment introduces a new challenge, which is far too expensive for existing battery technology. The challenge with PHES is that it has low geographical applicability and is constrained by location and capacity design [18]. Other types of mechanical storage such as flywheel energy storage (FES) [17] and compressed air energy storage (CAES) [19] are still under development. CAES is specifically very geographically constraining due to the requirement of natural salt caverns for large-scale curtailment storage. While VRE shows growth in the future, PHES and CAES will become increasingly limited in their applications, specifically in high-curtailment zones [20]. A major issue in storing curtailed VRE power is that the storage technology should be inexpensive, geographically dynamic and have a fast load response time and discharging time.



To address this issue. this study considers a recently researched mechanical storage system, gravity energy storage (GES), which stores electrical energy by converting it into the potential energy of a lifted weight, and generates electrical energy from potential energy by dropping the weight [21,22]. GES is an attractive technology, which many previous studies claim to be an alternative to PHES [23,24,25], specifically due to it being geographically dynamic. It can be constructed in abandoned mines, flat plains in suburban areas with minimal land requirements and mountainous areas by excavation [20,26,27]. However, to deploy GES in curtailment-prone zones, not only material optimization, but also economic optimization is imperative. The main problems that this study addresses are how the various socioeconomics of a city can affect GES costs geospatially, and whether the costs of SPV-GES systems can be optimized at a specific location.



The contributions of this study towards energy storage and SPV curtailment are divided into three aspects. The first aspect deals with the geographical viability of GES from the standpoint of location-dependent costs. Various cost analyses of GES systems have been performed in the existing literature, with material cost optimization being the primary focus [24,28]. The authors of [21] showed that steel and concrete are the most appropriate materials in terms of material density and procurement cost. This study employed reinforced concrete for the container and return pipe, and steel for the piston. A wind–GES life-cycle cost analysis was performed by a specific study, which revealed optimistic results [29]. The authors of [20] proposed a financial model for deploying utility-scale GES plants, which can be suited for high-curtailment zones. However, GES is hypothesized to be an improvement over PHES due to its non-limiting geographical applicability. Several costs like land, supply chain, transmission and labor are spatially variable even in a limited geographical distribution [10]. Moreover, construction and excavation are associated with the policies of local governing bodies, which determine costs according to geography and demography [30]. It is important to analyze the interplay of these costs according to location for GES installations, for both economic viability and efficient urban planning. This study fills the gap in the GES literature by mathematically approximating the location-dependent costs and providing an optimization algorithm.



The second aspect of this study is to provide a mathematical framework for analyzing the location dependency of LCOE for a hybrid GES-SPV system. With regard to the spatially variable installation costs of power plants, previous studies have focused on technical and social factors. For example, models have been presented to identify efficient supply points and optimize grid costs according to the location of supply points in decentralized networks [31]. The authors of [32] discuss technological advances aimed at reducing working hours, focusing on the location dependency of labor costs for VRE technologies. This research extends the multi-factor spatial parameterization (MUFSP) model presented by [10] for geolocating the optimal location of a utility-scale, suburban SPV plant. The MUFSP created by the authors of [10] is a cost simulation model that analyzes socioeconomic and geographic factors depending on the location of the SPV plant, which shows that location-dependent costs are mainly driven by the distance from the city’s economic center point. This study innovates the MUFSP model by modifying it for hybrid SPV-GES systems and introducing novel factors like excavation costs for mountainous terrains.



The central hypothesis is that every energy storage technology, including GES, will have variable location-dependent costs in any location. As decentralization progresses, VREs are going to be the only form of decentralized sources for net zero targets [33]. Decentralization will eventually require proximity to cities where substations are located, and so GES development aimed at curbing SPV (and VRE) curtailment will also have to be located in suburban areas. We further hypothesize that suburban GES installation cost variation will be significant with small changes in location, relative to a city’s economic center, and an optimized cost location will be detectable. This can be supported by hedonic models, developed in past studies [10,34,35] for estimating land costs relative to a city’s Central Business District (CBD). Our main contribution to the existing literature is to innovate urban socioeconomics into decentralized energy system economics. This study is the first to analyze the location dependency of the installation costs of an SPV-GES hybrid system in suburban areas. The mathematical model can reveal a theoretical basis that can be applicable to any hybrid system irrespective of location.



The third aspect of the research importantly considers developed economies where curtailment is caused by decreasing demands. Social factors affecting the location-dependent costs of SPV are completely different in developed countries with higher land and labor costs compared to developing countries [10,32,36,37]. Japan presents a peculiar net zero target, with a declining population and energy conservation policies of reducing demand by 18–20% by 2050 compared to 2015 energy consumption [38]. With curtailment already above 10% in the Japanese Kyushu grid [12], the LCOE of SPV will further increase without appropriate storage infrastructure. This study focuses on Fukuoka City, the largest population center in the Kyushu region of Japan [14], and Ibaraki City, in the vicinity of the Tokyo metropolitan area, the most populated city in the world [38]. Both these cities have stringent targets for decentralized power generation [39], making them the ideal location for testing the variability of the SPV-GES system’s installation costs in suburban areas. Furthermore, the suburban geography of Fukuoka is mountainous, which is radically different from the flat suburban area of Ibaraki. Adopting the MUFSP approximation for mountainous terrain is a key novelty of this study. Another novelty is that multiple CBDs are considered in this study, which adds to hedonic modelling, with two in Fukuoka and five in Ibaraki [40]. This complex difference is critical to understand how the location-dependent costs of GES can vary in different suburban geographies and demographics. Figure 1 shows the locations of Fukuoka and Ibaraki on the map of Japan.



Thus, the main objective of this paper is to test the optimization of the location-dependent installation costs of hybrid SPV-GES systems in suburban areas of high-curtailment regions in a developed nation. We show how variations in costs can be different in separate suburban geographies and thereby provide a feasibility analysis of hybrid systems in curtailment-prone areas. While the existing literature has mainly focused on the LCOE [20,22,33], we also highlight the levelized cost of storage (LCOS) of hybrid SPV-GES systems and its spatial variations in suburban areas. We also consider LCOS variations of GES with the key financial factors of discount rates and lifetime generation coupled to demand and geospatial variability. Table 1 lists all the abbreviations and variable notations of this study.




2. Materials and Methods


2.1. Maps and Description of Simulation Areas


To test the hypothesis of GES cost variability in curtailment-prone suburban areas, regions of 50 × 50 km2 were selected in a mostly mountainous suburban area of the Fukuoka metropolitan area and a flat suburban area of Ibaraki near the Tokyo metropolitan area. According to the variations in land, transmission and supply chain costs in existing case studies [10,41], it is assumed that the SPV-GES location-dependent costs can be optimized reasonably within the 2500 km2 area.



Fukuoka in the Kyushu region has increasing SPV installations due to the abundant solar radiation [42], which leads to high curtailment due to oversupply and isolation of the Kyushu grid [12,43]. The city of Fukuoka is a commercial center of the Kyushu region. Utility-scale storage is thus an immediate requirement in Fukuoka in order for the SPV LCOE to be lower than that of fossil fuel generation [12,14]. The simulation area in Fukuoka is to the southeast of the city. Most of this area is mountainous and includes parts of Oita and Kumamoto Prefectures as well. This area is shown in Figure 2. It can be seen that most of the target area in Fukuoka is mountainous. However, due to the suburban area being non-contiguous, flat areas were designated as flat points (FPs), which were assumed to be circular zones with 3 km radii. The Central Business District (CBD) was designated as Fukuoka City Hall, which is in the vicinity of the commercial city center (Figure 2). The Fukuoka Cargo Terminal Station was assumed to be the origin of the material supply point for SPV-GES infrastructure, designated as the Load Distribution Center (LDC) (Figure 2). The manufacturing bases of GES and SPV were denoted as “Manu(GES)” and “Manu(SPV)”, respectively, and were based on actual factory locations outside the simulation area (Figure 2). A concrete manufacturing plant of Yamau Corporation was assumed to be the GES supply source and a semiconductor manufacturing plant of Tokyo Electron Kyushu Limited was assumed to be the SPV cell supply source [44]. The distance from these manufacturing sites to each plant location was used to calculate supply chain costs. Three actual substations in the area were marked to serve as the interconnection points for the SPV-GES hybrid plant [43] (Figure 2). Table 1 lists the marked points within the Fukuoka and Ibaraki simulation areas.



Ibaraki Prefecture is in the Kanto plain, one of the largest flatland areas in Japan. It is located in the Tokyo metropolitan area, and serves as a key suburban outskirt of Tokyo. Figure 3 shows the simulation area for Ibaraki. In contrast to the Fukuoka case, most of the 2500 km2 area is flat with few mountainous areas, while no FPs are established in Figure 3 and three mountain points (MPs) are set up, which is the reverse of an FP with an assumed 3 km radius mountainous terrain area. This simulation area was chosen in Ibaraki as it is sandwiched between Kasumigaura, the second largest lake in Japan, in the east, and the Abukuma highlands in the north. The rest of the Tokyo metropolitan area is too densely populated for utility-scale power plants [45]. As in Fukuoka, three substations (SS); material manufacturing bases, Manu(GES) and Manu(SPV); a Central Business District (CBD); and a Load Distribution Center (LDC) are denoted for Ibaraki in Figure 3. The CBD is located in Shinjuku Ward, Tokyo, which is the biggest commercial center of Tokyo, and the LDC is the Tokyo Cargo Terminal Station located in Shinagawa Ward. In the Ibaraki case, Manu(GES) is a concrete product manufacturing plant of the Sanyo Remicon Corporation, and Manu(SPV) is a solar cell manufacturing factory of the Panasonic SPT Corporation [46].




2.2. GES System Description


In this study, a piston-type GES (P-GES) with high geographical applicability and modularity was employed to analyze the variation in GES installation costs in the two 2500 km2 areas. P-GES can be constructed in a variety of terrains, including flat and mountainous areas [21,25,28]. Moreover, the P-GES design and construction process is standardized, making it easy to replicate and expand [28]. Another major advantage of the P-GES is its hydraulic system, which allows for a rapid response of typically seconds, which enables voltage and frequency adjustment and provision of reserve services [20,28]. Although frictional losses are higher than in other GES, innovative solutions are being researched, such as rolling membranes, to improve efficiency [23,47] and designs to withstand subsurface pressure and water flow [21]. Figure 4 shows an overview of the P-GES system, where the piston in the vessel moves up and down repeatedly to store and release energy through the conversion of potential energy and electric power. Table 2 shows the assumed GES system parameters for this study required for a 4 Mwh/1 MW P-GES system. Steel and reinforced concrete have been identified as excellent GES plant construction materials in terms of durability, density and material cost [24]. In this study, it was assumed that reinforced concrete is used for the container structure and steel for the piston structure.



The above parameters were derived from the following set of equations, which was also used to evaluate the LCOS of the GES system within the hybrid SPV-GES plant. The energy storage capacity of the P-GES can be expressed as in Equation (1), as discussed in the previous literature [21,24,28,47].


  E =     ρ   p   −   ρ   w         1   4   π   D   2   h   g z μ  



(1)




where E is the stored energy production (J), g is the gravitational acceleration (m/s2), z is the height of the water (m) and   μ   is the storage efficiency. For the mechanical system, p (density of the piston), rw (density of the water), D (container/piston diameter) and h (height of the piston) can be used instead of the mass of the piston. The higher the piston height h, the greater the energy production. The energy production will be greater. However, this leads to a decrease in water depth z. The optimal piston height is determined by solving for the critical point in Equation (2).


    δ E   δ h   = 0  



(2)







Therefore, when h = z, the energy production of the storage system is at the maximum. Hence, the optimal piston height is half the height of the container. In order to withstand the load pressure on the container, the walls of the system must have an appropriate thickness. The thickness of the container (t) is related to the stresses in the concrete     σ   s t     which is identified from [21], and can be written as in Equation (3).


    σ   s t   =     H   t     1000 t +   m − 1     A   s t      



(3)




where Ht represents the maximum hoop tensile force acting on the vertical segment of the circular wall, m is the module ratio and Ast is the area of rebar used as reinforcement in the structure. These parameters are obtained from Equations (4)–(6).


    H   t   =       ρ   p   g + w −   k   0   y   H D   2    



(4)






  m =   280     σ   c b c      



(5)






    A   s t   =     H   t       σ   s t      



(6)




where     σ   c b c     is the compressive stress in the concrete, w is the specific gravity of water, k0 is the coefficient of soil pressure at rest and y is the weight of the soil (kg/m3). With the parameters of Table 2 for the thickness pipe and efficiency 0.8, we arrived at a GES capacity of 4 Mwh/1 MW. These parameters were used to calculate the LCOS for the P-GES.




2.3. Location-Dependent Cost Parameters


The focus of this study is to introduce a model that can optimize the location-dependent costs for a hybrid SPV-GES system in suburban areas. The model aims to identify the geographic points where the costs of installing the SPV-GES hybrid system are minimized at a certain location in the suburban areas. The model is based on the MUFSP model introduced by [10] in their study of suburban SPV plant cost optimization. However, several additional parameters are considered due to the nature of GES systems being completely different from SPV plants. The total cost function of an SPV-GES hybrid system can be expressed as in Equation (7).


    C   t o t   ( x ) =   C   l o c   ( x ) +   C   n o n − l o c    



(7)




where Ctot is the total initial investment divided into Cloc (location-dependent variable costs) and Cnon-loc (non-location dependent fixed costs) within the simulation area. x represents the socioeconomic factors affecting Cloc.



The 2500 km2 simulation areas shown in Figure 2 and Figure 3 were divided into 500 × 500 meshes, and converted to 500 × 500 matrixes in a MATLAB SIMULINK R2023a environment. (Note that each mesh element has a geographic resolution of 100 m2.) As shown in Figure 5, each of the 250,000 elements in the 500 × 500 matrix was integrated with GIS functions and various socioeconomic, technological and geographic data to determine the Cloc variation for the SPV-GES plant in a suburban area. In other words, each matrix element contains a corresponding Cloc value. Equation (8) below represents the objective function and focuses on transmission, land, supply chain and excavation costs.


    C   l o c     x   =   C   t r a n s     x   +   C   l a n d     x   +   C   s c     x   +   C   e x c     x    



(8)




where Ctrans represents transmission costs, Cland represents land costs, Csc represents supply chain costs and Cexc represents drilling costs. Cexc is specifically for P-GES installation, while the other cost functions are associated with both SPV and GES installations. This equation’s minimization at a specific point in the simulation areas will reflect the acceptance or rejection of this study’s hypothesis that SPV-GES hybrid system costs are variable in suburban areas and can be minimized at a particular mesh element.



2.3.1. Transmission Costs


The transmission cost function consists of the various costs required to connect a power source to a substation, including conductors, labor costs, grid upgrades, land use costs, and taxes associated with those costs. The Ministry of Land, Infrastructure, Transport and Tourism reports that the construction cost per km of 66 kV transmission line in Japan is typically JPY 35 million [48]. Equation (9) is the transmission cost function for each element of the matrix Cloc.


    C   t r a n s     x   =   c   c k t − k m   ·   L   m i n    



(9)




where Cckt-km is the transmission cost per km of circuit (JPY/km) and Lmin is the horizontal distance from each simulation point to the nearest substation (km). As shown in Figure 2 and Figure 3, all 500 × 500 simulation points in the Fukuoka and Ibaraki simulation areas are connected to the closest of the three substations (SS1-3) in the respective areas.



In addition, the peak capacity of the SPV installation centered at each point in the simulation area is affected by the rated voltage and characteristics of the transmission line; an aluminum cable steel-reinforced (ACSR) conductor was considered for the 66 kV transmission line. The resistance and the length of the transmission line were used to calculate the peak capacity in Equation (10) at each simulation point.


    P   p e a k     x   =     ( 66   k V )   2     2 ( R ·   L   m i n     x   )    



(10)




where Ppeak is the peak capacity (MW) of the SPV plant at each simulation point, which is the rated output of the SPV installation and R is the resistance per km of transmission line (Ω/km), which is 0.262 (  Ω  /km) (Transmission Cables in Japan: https://www.hst-cable.co.jp/products/pdf/cableg3_2.pdf, accessed on 24 March 2024). The capacity determination equation for a GES system is discussed in Section 2.4. The transmission loss for special high-voltage transmission lines above 7 kV was 1.3% for FY 2018 and 2019 in the Kyushu region, so transmission losses were neglected in this study [43].




2.3.2. Land Costs


The land cost functions are based on the existing MUFSP model [10], where the distance to the CBD was proven to be the most critical factor determining land cost in a suburban area, which resonates with previous studies as well [34,35]. The cost function is guided by the principles of hedonic pricing, where a least-squares (OLS) regression model for determining property and land prices is used. The distances from the CBD and LDC in Table 2 are considered as the determining factors for Cland in both Fukuoka and Ibaraki. In the Fukuoka area, the three variables are the distance from the CBD, LDC and 2nd CBD, where the 2nd CBD is the center of Kurume City in Fukuoka Prefecture, a populated city near this area. In the Ibaraki area, six variables are introduced: the CBD, LDC, 2nd CBD, 3rd CBD, 4th CBD and 5th CBD, where the 2nd~5th CBDs are Saitama City, Utsunomiya City, Mito City and Tsukuba City, respectively. This is an improvement over existing models, since the CBDs in Japanese developed cities are located close to each other, influencing land prices in a complex way. Equation (11) below represents the hedonic land cost function.


    ln  ⁡      C   l a n d       =     β   0   +   ∑  i = 1   n      β   i     X   i     +   ε   0      



(11)




where Cland is the land price public notice data integrated in GIS (QGIS Desktop 3.32.1) for Fukuoka (934 samples) and Ibaraki (351 samples) in the target area [49]. β0 is the intercept, βi is the regression coefficient on and ε0 is the standard error of the regression. The per MW land requirement of SPV installation is given in [50], whereas for GES it is 256 m2, as stated in [21].



Table 3 and Table 4 give the regression coefficients for Fukuoka and Ibaraki, respectively. In the case of Fukuoka, both the CBDs are statistically significant in contributing to the land price, while in the case of Ibaraki all the CBDs, except for CBD 3, are statistically significant. This has interesting implications for any suburban construction activity, since multiple policies impact the land price determination in Japanese suburban areas.




2.3.3. Supply Chain Costs


In the modeling, GES plant materials such as power houses, pumps and turbines, containers and other structures, and SPV equipment such as solar modules, inverters and mounting structures, were assumed to be locally manufactured and transported by truck. This is because Japan promotes domestic manufacturing for VRE infrastructure [39,46]. The details of Manu(SPV) and Manu(GES) (assumed manufacturing locations for GES and SPV infrastructure) are given in Figure 2 and Figure 3.



One key contribution of this study was to express the Csc in a novel way to account for suburban mountainous terrain. Firstly, the differences in transportation between plain and mountainous areas are considered. The Fukuoka simulation area is mostly mountainous, as shown in Figure 2, while the Ibaraki simulation area is mostly flat, as shown in Figure 3. It is assumed that, to transport materials to each simulation point, where road networks are not developed, transportation roads must be constructed (this is discussed in [51], where mountain-slope SPV construction was considered a constant when accounting for supply chain costs). The supply chain process begins by transporting materials from the material manufacturing plant to the nearest flatland point to each simulation point (x), and from there new road construction costs are considered for mountainous areas. The k-nearest neighbor points were obtained, using the k-nearest clustering method [52], for estimating the mountainous terrain in the GIS interface. In the Ibaraki case, where most of the area is level, the cost term for new road construction is not considered since mountainous points would be ignored for an optimized location.



A second consideration is that the bird’s-eye shortest distance between manufacturing plants (Manu) to each simulation point has to be converted to road distances. A coefficient of Distance-to-Road (DtoR) with a value of 2.05 is assumed in the Fukuoka case and 1.58 in the Ibaraki case. This is based on the average of a ratio of road distance to horizontal distance calculated using Google Earth GIS data for the four sides of each 50 × 50 km2 simulation area. Taking these into account, the supply chain cost Csc for SPV installations for the Fukuoka case is shown in Equation (12) and for the Ibaraki case in Equation (13).


    C   s c     x   =   P   p e a k   ·   F   L   ·     c   f t − k m   · 2.05     D   m a n u   +   D   m s c       +   c   r o a d − k m   · m a x ⁡ [   D   m s c   − 3 ,   0 ]  



(12)






    C   s c     x   =   P   p e a k   ·   F   L   ·     c   f t − k m   · 1.58     D   m a n u        



(13)




where Csc is the total supply chain cost at each simulation point in the area according to the peak capacity Ppeak (in JPY), FL (tons/MW) is the freight load of the material to be transported (50,720 metric tons/MW for GES [22] and 105.8 metric tons/MW for SPV [53]), Dmanu is the distance from the material manufacturing site to the nearest flat point at point (FP) (in km), Dmsc is the distance from the nearest FP to the k-means mountainous area (in km), cft-km is the cost of transporting one ton load for 1 km by truck (15.95 (Ministry of Land, Infrastructure, Transport and Tourism: Standard Freight Rates for General Cargo Trucking Business: https://www.mlit.go.jp/en/road/index.html (accessed on 24 March 2024)) JPY/km-t) and croad-km is the per km cost of road construction for each k-means mountainous simulation mesh point (85,000,000 (Ministry of Land, Infrastructure, Transport and Tourism: Estimation Methodology for Each Renewable Energy Type https://www.mlit.go.jp/en/tec/index.html (accessed on 24 March 2024)) JPY/km). These equations are a significant improvement over [51], which only assumed constants for mountainous SPV supply chain costs. Equations (12) and (13) also add to the existing MUFSP model [10] for considering mountainous suburban areas. For GES, the Ppeak term is replaced with demand-adjusted GES capacities.




2.3.4. Excavation Costs


This cost factor is exclusive to GES, since SPV installations do not require any excavation. Installation of a GES plant requires 22,410 m3 of excavation per MW according to the design in Section 2.1 [21,22]. Excavation costs vary from one GES plant installation site to another depending on geographical factors such as geology and technical factors such as technology [28]. In this study, two types of excavation costs (JPY/m3) were used to distinguish between excavation costs in mountainous and flat areas. Data from the metropolitan area outer discharge channel were used for excavation costs in flat areas (1882 (The Metropolitan Area Outer Underground Discharge Channel: https://www.ktr.mlit.go.jp/ktr_content/content/000053312.pdf (accessed on 24 March 2024))), while data from the Shiosaka tunnel construction in Nagano Prefecture, a mountainous area, were cited for excavation costs in mountainous areas (1441 (Shiozaka tunnel: https://www.pref.nagano.lg.jp/omachiken/nyusatsu/documents/uchu2tn_keiyaku.pdf (accessed on 24 March 2024))). The values obtained from these data indicate that excavation costs in flat areas are higher than those in mountainous areas. The excavation cost function is shown in Equation (14).


    C   e x c     x   =   c   e x c   ·   V   e x c    



(14)




where cexc is the unit cost of excavating at each simulation mesh point (JPY/m3) and Vexc is the excavation volume (m3). This equation provides the second methodological advancement of the MUFSP model [10] after Csc.





2.4. Hybrid SPV-GES Concept and LCOE/LCOS Evaluation


The reason for co-locating the SPV-GES hybrid system is to reduce costs. First, unlike the case where transmission lines are installed at separate locations for each plant, only one transmission line is needed for the integrated plant, which reduces transmission costs. In addition, land costs for GES can be negligible to the larger area of SPV, making approval costs simultaneous. In terms of supply chain costs, the construction of a new road in the mountainous area is necessary, but if both plants are constructed at the same site, only one road line is needed, thus reducing the cost of new road construction. For the LCOE calculations described below, none of the location-independent costs are affected by co-locating the SPV and the GES plants. The same construction, labor, and administrative costs are assumed as if they were built at different locations. The LCOE is estimated using Equation (15).


  L C O E =     C   t o t   +   ∑  t = 1   t = n        A   t         1 + i     t           ∑  t = 1   t = n        S   o u t     ×   C F       1 + i     t          



(15)




where t is a year time-step, n is the lifetime period of the SPV-GES system, Ctot is the system capital cost from Equation (7), At is the annual maintenance and operation (O&M) cost of the system, Sout is the annual maximum energy output of the system and CF is the capacity factor affected by curtailment and i is the discount rate. The location-independent cost for both SPV and GES plants is expressed by Equation (16).


    C   n o n − l o c   =   C   s y s   +   C   p l a n n i n g & a p p r o v a l    



(16)




where Csys is the system cost for the SPV-GES plants, including the cost of materials and modules and the construction cost [44]. The system cost for GES is based on a P-GES plant of similar design multiplied by CF [21]. Cplanning&approval includes site evaluation, planning and permitting costs, project management and development costs, and is assumed to be 5% of the system cost, based on similar projects [54]. For the annual system cost At, energy storage systems require regular maintenance, which was assumed to be 5% of the system cost of GES [21], much more than the SPV O&M costs of 3% [53]. This because the mechanical parts of P-GES require more maintenance, such as lubrication for pumps/turbines and labor cost behind regular repair and maintenance [28]. All the cost factors are listed in Table 5.



Sout (kWh) generated by the plant each year is based on assumptions constructed from Kyushu Electric Power supply data for the year 2022 [43]. First, five days were selected from each of the first, third and fourth quarters along with two days from the second quarter of the year for the output control (MWh) of the SPV in 2022. Then, the maximum load (MW) of the SPV and the demand load (MW) during the same time period were obtained. The average value of the ratio is shown in Equation (17).


  k =   M W   o f   C u r t a i l m a n t   M W   o f   S P V    



(17)







The “MW of SPV” is the maximum SPV output for the day (MW), and the “MW of Curtailment” is the output control during the same time period (MW). The calculation results show that k = 0.2379. Using this, we can relate the rated output of SPV, Ppeak, obtained in Equation (10), with the required capacity of GES in the designated simulation mesh point (Equation (18)).


    P   G E S   = k ·   P   p e a k    



(18)




where PGES is the maximum required capacity (MW) of GES to utilize the curtailed SPV output. To equally multiply the design of the 1 MW, 4 MWh GES plant in Section 2.1 according to PGES, the storage capacity in a plant with a maximum output of PGES was assumed to be 4*PGES (MWh). This P-GES plant is assumed to operate one cycle per day. The cost and coefficient values are summarized in Table 5.



While k = 0.2379 is high compared to the Japanese average of 0.156~0.197 for SPVs above 100 MW [12], solar panel efficiency is estimated to increase with improvement in panel technology. This higher value represents a high-curtailment-zone scenario for a utility-scale GES analysis.



Finally, the discount rate was assumed to be 7% according to average SPV global case studies [33,53]. The lifetime of the SPV-GES system was assumed to be 30 years, based on mega solar plants (>100 MW) [10,50,53]. However, the lifetime of P-GES is estimated to be about 40 years [21,24,28], and some reports suggest that it can be extended to 60 years by developing large capacity P-GES of 1~10 GWh using huge rocks [27,28]. In this study, GES life extent was analyzed till the counterpart SPV was decommissioned.





3. Results


For visualization purposes, Figure 5 shows the orientation of the maps of Figure 2 and Figure 3 for the location-dependent costs’ variability representation. The 3D graphs in this section will be projected on the 2D plane of Figure 5a,b in that orientation.



3.1. Location-Dependent GES Cost Variations


Figure 6 shows the results of each location-dependent cost function for GES installation in the Fukuoka area. Figure 7 displays the same for the Ibaraki area. The variations are quite significant in the limited suburban simulation area, which shows the necessity of optimizing the socioeconomic spatial factors if decentralized utility-scale generation is going to be employed in high-curtailment zones. This shows that the first hypothesis of the study can be accepted: GES installation costs vary significantly in suburban areas affected by the socioeconomics of the city.



Supply Chain Costs: From Figure 6c and Figure 7c, it is evident that CSC is the most dominant factor of the Cloc factors, with an order of magnitude of 108 for Fukuoka and 107 for Ibaraki. The CSC for Fukuoka is more complicated than Ibaraki, due to the k-means clustering and complex functions involving road constructions in mountainous suburban areas. In the Ibaraki simulation area, based on Equation (13), CSC showed a linear increase with increasing distance from Manu(GES). A significant finding is that supply chain costs alone make suburban, mountainous GES installations economically less feasible. This adds an empirical understanding to the existing economic analyses of GES systems [20,22,23], showing the impact of socioeconomics on GES planning in curtailment-prone areas.



Land and Transmission Costs: Ctrans was much more significant in both cases (Figure 6a and Figure 7a) with an order of magnitude of 107, one order of magnitude higher than Cland (106—Figure 6b and Figure 7b). As Equation (9) shows, the transmission costs are minimal near the three substations in the simulation areas, with higher costs at greater distances from the substations. For land costs, the regression analysis of the hedonic function shows that land prices per unit area increase exponentially toward the significant CBD in the Fukuoka area. The land cost of Ibaraki for GES is quite complex, compared to Fukuoka, due to the effect of multiple CBDs (Figure 7b and Table 4). The previous literature on hedonic land price estimations with single CBDs did not show this effect [10,34]. Even for Chicago, with multiple CBDs, the Ibaraki nature of the hedonic model was not detected [35]. Thus, this result is significant not only for suburban GES geolocation but also for urban planning policies.



Excavation Costs: These are simple, with binary values, each for flat and mountainous terrains, and a linear increase between the binary levels. The FPs incur higher costs than mountainous regions, as detailed in Equation (14). Albeit binary, this is an important addition to the MUFSP model introduced by [10] due to the order of magnitude of Cexc and CSC being comparable. Both the cost functions are inversely related for FPs and MPs, making the optimization of the minimum cost point interesting.



Figure 8 shows the total location-dependent cost (Cloc) variations in the Fukuoka and Ibaraki simulation areas for GES. In the case of Fukuoka, the shape of Cloc resembles CSC due to the dominance of supply chain costs, as mentioned previously. A closer examination reveals that the edge effects of the total costs are elevated by Ctrans as we move farther away from the substations. This implies that Ctrans is the limiting factor of the localization of the minima, as CSC increases with increasing distance from Manu(GES). Since Manu(GES) is in the vicinity of the 1st CBD, it can be said that CSC increases with DCBD. However, Ctrans radially increases from the epicenter of the SS. As a result, for both cases we see that Cloc is lower when close to the SS and radially increases with the minima point in the vicinity of the SS located closest to the CBD. In Ibaraki case, CSC is linear and more comparable to Ctrans, with no mountainous terrain, leading to the shape of Cloc variation for GES resembling the shape of Ctrans, but elevated. A well-defined optimized-cost location point exists for GES in both cases, which confirms the second hypothesis of this study, that suburban location-dependent costs of GES installation can be optimized at a specific location. This optimized location boils down to the interplay of Ctrans and CSC, with mountainous areas being out of contention due to elevated CSC. This finding adds to the existing research on GES economics exploration [20,21,25,28] by revealing the impact of geospatial socioeconomics on the CAPEX of suburban GES installation in high-curtailment zones.



Moreover, when comparing the two regions, it was found that the GES Cloc at all of the 500 × 500 simulation area points of Ibaraki were lower by a factor of at least 0.8 compared to that of Fukuoka (Figure 9). This is specifically due to elevated supply chain costs incurred due to lack of transportation infrastructure in the mountainous areas (Figure 9). Another interesting feature in Figure 9 is that in the Ibaraki case, Cexc and CSC are quite comparable to the other cost factors. While [22,25] raised the question of using GES as a curtailment mitigation storage system, it was not specifically answered. We can infer that suburban metropolitan areas bear a lower cost burden than other suburban areas, making GES a feasible option in curtailment-prone metropolitan grids.




3.2. Location-Dependent SPV Cost Variations


Figure 10 shows the results of each location-dependent cost function for SPV installation in the Fukuoka area. Figure 11 displays the same for the Ibaraki area. While the nature of Ctrans and Cland for SPV is similar to that of GES in both Fukuoka and Ibaraki, the per MW SPV land cost is two orders of magnitude higher than that of per MW GES, due to the much higher land requirement for SPV than the 256 m2 per MW for GES [21]. On the other hand, the total weight of materials for SPV is much lesser than GES, making CSC in the SPV cases of the order 104~5 (three orders of magnitude smaller than Cland). Thus, land cost becomes the most dominant factor for SPV, as opposed to GES where the supply chain cost was most dominant.



Due to the impact of five CBDs, the Ibaraki Cland is quite different from the logarithmic variation in Fukuoka. In a sense, Cland decreases as we move away from the CBD, while Ctrans increases radially from substations. Thus, the localization of the minima is an interplay of these two cost factors. Additionally, Cland is two orders of magnitude higher than Ctrans for Ibaraki and one order of magnitude higher in the case of Ibaraki. This is quite different for the MUFSP of Kolkata, India [10], due to the higher land costs in the developed economy of Japan compared to the developing economy of India. This plays a key factor in the optimized cost location, as seen in Figure 12. While in Kolkata, India the Cloc for SPV is optimized at a specific location [10], in the developed suburban area of Japan, the optimized-cost location is not that well defined. In general, it would be away from economic centers (CBDs) affected by Cland. Moreover, FPs would be the recommended theoretical optimized location than mountainous areas due to higher CSC in mountains. This contradicts the recommendation by [53] which assumed constant CSC for SPV in mountains, proving the advantage of empirically determining location-dependent costs based on the socioeconomics of the installation region.



Comparing the optimized-cost location for SPV to GES (Figure 8 and Figure 12), GES has defined optima in both Fukuoka and Ibaraki. This is due to the inverse proportionality of Ctrans and CSC for GES and their comparable orders of magnitude (Figure 9), as opposed to that of Cland dominance in case of SPV geolocation (Figure 13). This is further proven by the fact that when we look at Figure 13, in both Fukuoka and Ibaraki, Cland is much more dominant than any other cost factor at the minima, averaged and maxima locations within the simulation areas. Thus, in developed nations, social factors and socioeconomics affect the location-dependent CAPEX of storage systems much more than the CAPEX of VREs. This is a counterintuitive result, since it would be assumed that urban socioeconomics would affect hybrid systems similarly. Moreover, it is in developed nations that hybrid systems should be dispatched due to increasing curtailment in decentralized VRE installations. This is another significant finding that provides an answer raised by [21] for further analyzing GES economic feasibility with regard to adoption and installation.



Finally, the difference between the Fukuoka and Ibaraki Cloc variations for SPV (Figure 12) is much smaller compared to that of the GES Cloc differences between the two areas (Figure 8). This is in part due to the large land costs for SPVs, and because GES has to supply stored energy with as little transmission loss as possible. GES is not associated with critical materials like battery technologies, and thus, international trade and macroeconomics are less significant compared to the localized socioeconomics of construction. This shows a third finding, in that GES location-dependent costs are much more sensitive to a specific suburban location than that of SPV. In this study, a bigger metropolitan suburban area with multiple CBDs (Ibaraki) results in lower location-dependent costs for utility-scale GES installations. From a policy perspective, it can be inferred that hybrid SPV-GES systems should be considered in more developed metropolitan suburban areas in curtailment-prone grids than less developed suburban areas, mainly due to a better supply chain infrastructure.




3.3. LCOE Variations of Hybrid SPV-GES Plants


Figure 14 shows the LCOE variations according to Equations (15)–(18) in the two simulation areas. Due to the dominating nature of Cland for SPVs, the hybrid SPV-GES LCOE variations in the simulation areas are quite similar in nature to the SPV Cloc variations in Figure 12. In Figure 12a, it can be seen that SS1 is affecting the cost-optimized location, as it is directly on a virtual line connecting the Fukuoka CBD to SS1. For Figure 12b, SS2 affects the cost-optimized location, again directly on a virtual line connecting the Ibaraki CBD2 to SS2. Both the optima lie in FPs and not MPs, which reinforces the aforementioned result that flat zones would provide the most optimum installation costs of hybrid systems. Thus, urban planners need not even consider mountainous areas for decentralized suburban installations.



LCOEs can be optimized only at a distance far away from the CBD of a city in the suburban areas of a developed economy. Even in this case, it can be seen that the LCOE levels for Ibaraki (the more developed suburban area) are lower than that of Fukuoka (the less developed mountainous suburban area). This has important implications for geolocating SPV-GES hybrid systems not only within the suburban area at the optimized cost point, but also, they should be located in a more developed metropolitan suburb. This adds knowledge on their economic feasibility in high-curtailment zones to the existing literature on the LCOEs of hybrid systems [7,33].





4. Discussion


4.1. Multi-Criteria Decision for Ranking Cost-Optimal Locations


In the Results Section, it was proposed that a more developed metropolitan suburban area was more suitable for geolocating the hybrid SPV-GES plant, and that flat zones were more economical than mountainous zones. However, to support those interferences, a robustness analysis of the results is required, which is carried out in this section through a multi-criteria decision analysis (MCDA) of the candidate optima locations. Existing MCDA methods like ELECTRE and PROMOTHEE are generally used for large criteria and options for hybrid energy system selections, which range in the hundreds [55,56]. Moreover, such methods are computationally more expensive and cannot be applied to the deterministic MUFSP model introduced in this paper [57].



Therefore, we introduce a new MCDA method for ranking decentralized hybrid systems’ location-dependent costs that is based on the order of magnitude of the cost factors (Cloc) in the objective functions for SPV and GES (Equation (8)). The introduced method is termed a magnitude-weighted economic (MAWE) MCDA, which is based on an existing additive synthesis method for MCDA ranking [58]. The weights for each criterion are normalized and decided based on the order of magnitude of the cost factors in each candidate location’s MUFSP model, given in Equation (19).


    w   k   =     ∏  i = 1   n      m   i         ∑  j = 1   n    (   ∏  i = 1   n      m   i j     )      



(19)




where wk is the weight for the k-th criterion, m is the magnitude of the i-th cost factor, j is the option indicator and n is the total number of criteria. Equation (20) reveals the calculation of the rank for the j-th option.


    R   j   =   N o r m   0 − 1   A v g (   ∑  i = 1   n      w   k     C   i   )    



(20)




where Ci is the rating for the i-th cost factor. The rating is given on a scale of 1 to 5 for each cost factor at the respective minima locations. In this case, the global minima of the flat points for the SPV-GES hybrid systems are represented in Fukuoka (FP) and Ibaraki (FP). The local minima of the mountainous regions are extracted from the 500 × 500 matrices represented by Fukuoka (MP) and Ibaraki (MP). Among the four options, the lowest cost is benchmarked at 5, while the highest cost is given 1. Intermediate ratings are given as per the cost values at the candidate locations. Table 6 reveals the results of the MAWE analysis (Supplementary Materials).



Since distance from CBD is the key economic parameter for each cost factor, it is internalized in the weights of the cost factors. One interesting outcome of the MAWE-MCDA for the hybrid SPV-GES systems is how dominant Cland is for SPV, even compared to the significant CSC for GES. The weights of Ctrans and CSC are quite similar, which explains why the optima for GES is more well-defined than that of SPV. The candidate locations of FPs are more economical than MPs, with Fukuoka (FP) rated at 3.8736, more than one rating point above the Ibaraki (MP) at 2.7696. While confirming the results in the previous section, the following policy order can be confirmed for geolocation suburban SPV-GES hybrid systems:




	
A flat zone carries much lower location-dependent costs than mountainous terrain.



	
The flat zone of a more developed suburban area carries a lower land cost and more efficient supply chain, ensuring the most economical optimized location.









4.2. Geometry of the Cost-Optimized Location


The authors of [10] explored a very simple geometrical approximation for determining the cost-optimized location for SPV in the suburban area of a city. The study emphasized a trade-off between two factors, specifically land and transmission costs. As the distance increased from the CBD, land cost decreased exponentially, while transmission cost increased linearly with increasing distance from a substation. The ultimate suggestion of [10] was that the optimized location would lie on a straight line connecting the CBD and the SS, reducing a complex model to a one-dimensional solution. While this was for a developing nation, we found that land cost is much higher in a developed nation (Figure 13), specifically in the costliest metropolitan suburb of Japan, Tokyo [59]. However, we can still find the validity of this approximation for suburban SPV installations in Fukuoka, with land prices being cheaper. To test this, we assumed only SS1 in Fukuoka (Figure 2) and only simulated the dependency of Cland and Ctrans for the simulation area in Fukuoka in Figure 15.



In Figure 15, it can be seen that the optimized cost location in the Fukuoka simulation area is very near the geometrical straight line connecting the CBD and SS1, considering Cland and Ctrans only. Compared to Figure 12a, the optimized location is much nearer to SS1, showing that CSC pushes the optimized location farther away due to mountainous terrain. With this result, the geometrical approximation between land and transmission costs established by [10] in the MUFSP model for suburban SPV installations can be confirmed. This has important implications for VRE integration into suburban areas, specifically in high-land price regions. The previous literature on the economics of decentralized SPV installations has addressed LCOE optimization [33,60,61,62], while the MUFSP model contributes to geospatial cost optimization affected by urban socioeconomics.



The geometry of the cost-optimized location for GES in Ibaraki, in flat terrain, is the same approximation as Figure 15, with Cland replaced by CSC. This is because the supply chain cost function in flat terrain is a linear function (Equation (13)) and is comparable in magnitude to the transmission cost, which is also linear in nature.



The geometry is more complicated in mountainous terrain, however, with CSC being a complex function (Equation (12)). Having concluded that Ctrans and CSC are the key factors (Figure 9a) in GES Cloc, it is observed that the optimal cost location lies on the line connecting CBD and FP2 (say line 1). Thereafter, the perpendicular to a second line connecting the CBD with SS1 (say line 2) intersects with line 1. This point of intersection is where the optimized cost location lies, and the intersection happens at right angles. Figure 16 shows the representative version of this approximation.



This geometrical approximation has major implications for suburban renewable energy planning and storage deployments in any terrain (since mountainous terrain is revealed to be a non-optimal location). While [10] revealed that SPV geolocation in a suburban region is one-dimensional from a geometric standpoint, this study shows that suburban GES geolocation involves planar (or two-dimensional) geometry. The geometrical approximations in the previous MUFSP model [10] and this advanced MUFSP model have two specific implications on energy policy: (a) the existence of geometrically defined optimized cost points for hybrid systems promises the possibility of curbing curtailment for future decentralized VRE planning even in high-curtailment zones, which was a concern raised by past studies [11,12,13]; (b) the focal economic centers (CBDs) not only play a vital role in land price hedonic models [10,34,35], but also in co-locating hybrid SPV-GES plants in suburban planning with maximized economic feasibility by minimizing location-dependent costs. The economic focal point, a substation and a portion of flatland in between mountainous terrains are the only factors that need to be considered for suburban GES installation, since CSC in mountainous terrains becomes too high to be economically feasible.




4.3. Is the SPV-GES Hybrid System Economic?


In order to gauge the overall feasibility of GES as a curtailment measure to suburban, decentralized SPV, the LCOS of hybrid GES has to be compared to the LCOS of other storage technologies already existing in Japan. In this case, the capacity and location-dependent costs of GES were based on the assumed curtailment (Table 5) and the hybrid SPV-GES system (Equations (17) and (18)). Figure 17 compares the hybrid GES LCOS with other energy storage benchmark costs [63] (cost parameters are converted from US dollars to Japanese yen (USD 1= JPY 145 as of 20 March 2024)). Although there is a range of values depending on the installation location within the 2500 km2 area, Figure 17 considers the minima to the midpoint values for Ibaraki and Fukuoka. A significant outcome is that GES is cost-competitive with other energy storage technology benchmarks in both the simulated suburban case studies. It can be further seen that the cost-optimized location in Ibaraki carries a lower LCOS than that of Fukuoka. This reconfirms the above conclusion, that developing GES in a more developed metropolitan suburban area can bring the cost down due to the lower price of labor and lower supply chain costs due to better road infrastructure [64], as GES is heavily dependent on supply chain costs. Moreover, the Ibaraki cost-optimized location LCOS is cheaper than all the benchmarks, albeit the benchmarks often inflate the costs without optimizing for socioeconomic factors.



Although this is a simulated scenario, Figure 17 shows the potential for GES to be cost-competitive, specifically over CAES and PHES (which also have competitive LCOS), since the P-GES technology is not limited by geographical conditions like the former two [18,19,21]. Secondly, Li-ion battery technologies (like nickel–manganese–cobalt (NMC) and lithium–ferrous–phosphate (LFP)) have a comparative response time to P-GES, if not faster [65]. However, LFP and NMC depend on critical rare-earth elements, which are very prone to market shocks, and geopolitical conflicts can rapidly drive up the LCOS of such technologies [65]. Thus, the advantages of flexible response times and capacity lie with the cost-competitive P-GES due to the non-existence of critical raw materials. Based on these two reasons, GES can be expected to play a major role in meeting the demand for energy storage for expanding decentralized VREs in curtailment-prone areas.




4.4. Sensitivity Analysis for SPV-GES Hybrid System’s LCOE


In this section, we discuss the factors that are most sensitive towards determining the LCOE of the simulated hybrid SPV-GES systems at the cost-optimized points in the two suburban areas. Firstly, the curtailment ratio (k) is considered, which was assumed to be 0.2379 in Table 5. As discussed in Section 2.4, curtailment will increase with decentralized VRE increase, in line with the power generation trajectory of Japan [38]. k is a variable that determines what percentage of the power generated by the SPV is subject to curtailment, and thereby determines PGES (Equation (18)). For example, when k = 0, all SPV generation is utilized, and when k = 1, the entire SPV generation is curtailed and stored in the GES, which inadvertently increases PGES. Figure 18 shows the relationship between k and the LCOE at the cost-optimized points for the hybrid SPV-GES system. The red marks in Figure 18 represent the LCOE simulation results for k = 0.2379 based on Kyushu Electric Power’s supply and demand [43]. As ‘k’ increases, the LCOE increases exponentially. However, it cannot be concluded that a higher LCOE due to the installation of GES necessarily worsens the profitability of the hybrid plant operation. In fact, higher LCOE may increase the profitability of the plant operation [33,66]. This is because the installation of GES enables the operation of a profit-maximizing energy storage and discharge system, which can generate revenue from the margin of difference in daily electricity prices. In other words, electricity can be stored when electricity prices are low and sold when prices are high. From the above, as long as GES is cost-competitive with other energy storage technologies, it can be a viable curtailment mitigation prospect in suburban areas.



In order to verify the absolute profitability of a suburban hybrid SPV-GES system, we consider Figure 19. Here, we consider the difference between the LCOE of a standalone SPV system without GES and the LCOE of the SPV-GES hybrid system at the cost-optimized points. Positive values in the figure indicate that the LCOE has increased due to the introduction of GES, while negative values indicate that the LCOE has decreased due to the installation of GES, meaning that power can be supplied more economically. This is an interesting result; as seen in the mountainous suburban terrain of Fukuoka, the LCOE actually increases with GES introduction for k < 0.5, while in the flat suburban Ibaraki terrain, the LCOE difference is close to 0 for k < 0.5. In both cases, a hybrid SPV-GES system is very economical for k > 0.5. This again proves that mountainous suburban areas with supply chain constraints are not very feasible at low curtailment rates, which adds to the economics of curtailment [15,64]. This study reasonably estimates the point of inflexion for curtailment, where installing GES with VREs in any terrain will be economically feasible (k > 0.5).



Figure 20 shows the sensitivity analysis of the effect of discount rate on the LCOE of the SPV-GES systems at the cost-optimized locations. Discount rate is a financially important factor, as the future LCOE of the system depends on discount rate. The higher the discount rate, the larger the range of the LCOE in the future, while the lower the discount rate, the lower median LCOE in the future as well [67]. As seen in Figure 20, as discount rate is increased, there is an almost linear increase in the LCOE of the hybrid SPV-GES system. When the discount rate is 10%, the LCOE more than doubles compared when it is 1%. Thus, the SPV-GES system should ideally be sanctioned when lower discount rates are lower to increase the financial viability of the project.




4.5. Limitations of This Study


The main limitation is that the MUFSP model developed in this study is only applicable to decentralized suburban VRE-GES projects. This is because the land cost function is comprised of the hedonic approximation model and the supply chain cost function is dependent on urban road infrastructure, which all depend on the socioeconomics of cities. In order for future studies to make this model applicable to rural and remote areas, several approximations of the socioeconomics of such areas need to be researched for determining the location-dependent costs.



Secondly, this study explored the dependency of the LCOE on other factors in a developed economy. The nature of the findings may be vastly different for a curtailment-prone developing region. Future studies may look at either SPV-GES or other VRE-GES hybrid systems and observe the spatial variation in the LCOE in a developing suburban economy using the MUFSP model suggested in this study.



Finally, the capacity of the GES was dependent on the ratio of curtailment, rather than the intermittency of SPV plants. In regions where curtailment is not the main issue, demand analysis needs to be carried out. Future studies can observe the daily and seasonal demand fluctuations and advance the MUFSP model to determine the ideal location for a demand-optimized SPV-GES system that increases both economic feasibility and the capacity factors for decentralized SPV plants.





5. Conclusions


This study analyzes the spatial variations in the location-dependent costs of a hybrid SPV-GES system in two suburban regions of the developed country of Japan using a spatial parameterization model. Location-dependent costs were found to be affected by the socioeconomics of the city, specifically land, transmission, supply chain and excavation (for Piston-GES) costs. The analysis confirmed two hypothesized outcomes in this study: (a) that GES location-dependent costs significantly vary in a suburban area of 2500 km2 and (b) that the GES location-dependent costs can be optimized at a specific location due to the trade-offs among the cost functions. Furthermore, this study also analyzed the factors affecting the variations in LCOE and LCOS of decentralized, suburban SPV-GES systems in high-curtailment zones.



The main finding of this study is that the cost-optimized locations for suburban SPV and GES can be geometrically approximated using urban socioeconomics, while SPV can be geospatially optimized on the line connecting the city’s CBD and a substation in the suburban area, the GES is optimized on the line connecting the CBD and a flat zone, the flat zone being orthogonal to a line connecting a substation to the CBD. For SPV installations, land and transmission costs were the key trade-off factors, while for GES installations, supply chain and transmission costs were key. Thereafter, it was found that suburban GES systems are more sensitive towards an optimized location than suburban SPV installations.



This study further showed that GES is cost-competitive with other energy storage technologies, specifically in flat terrains due to being geographically dynamic. The absolute LCOE of the SPV-GES system seemed to decrease with increased curtailment, proving that GES is an effective tool for decreasing the LCOE of future decentralized SPV installations. Specifically, it was found that GES introduction reduces the LCOE of an SPV system with curtailment rates above 50% irrespective of the suburban terrain. It was also shown that a lower discount rate reduces the LCOE of a hybrid SPV-GES system tremendously, thereby indicating financial policy measures for lowering the discount rate for future decentralized installations. The main policy recommendations of this study are as follows:




	
Urban socioeconomics renders GES location-dependent costs more sensitive than SPV’s. Therefore, the weight of geolocating a hybrid system should be rendered to mechanical storage primarily and VRE secondarily.



	
A mountainous area carries excessive supply chain costs and thus, suburban decentralized SPV-GES hybrid systems should be located in flat zones, despite cheaper excavation costs.



	
Substations are key localizing factors for the suburban cost-optimized location of SPV-GES systems, and therefore, a substation closest to the CBD of the city should be chosen for the grid connection of the system.



	
A more developed suburban area in the vicinity of a metropolis carries a lower LCOE for SPV-GES hybrid systems, and thus in curtailment grids the most developed suburban area should be the candidate location for decentralized energy planning.



	
GES is a viable storage mechanism when curtailment is above a threshold of 40%, or else the LCOE of the hybrid SPV-GES system is uneconomical compared to a standalone SPV system experiencing curtailment.








This study contributes significantly to geolocating economically feasible sites for decentralized hybrid VRE systems, including GES systems, that will be constructed in the vicinity of cities. The outcomes of this study are not only significant for energy planners for achieving affordable and clean energy in the future (SDG 7), but also for urban designers aiming to build sustainable communities and cities (SDG 11), in line with net zero targets.
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Figure 1. Fukuoka and Ibaraki locations on the map of Japan. 
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Figure 2. The 2500 km2 simulation area in the Fukuoka case (red square in left pane), with assumed points. (Note: The Japanese names of the places are unchanged). 
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Figure 3. The 2500 km2 simulation area in the Ibaraki case (red square in left pane), with assumed points. (Note: The Japanese names of the places are unchanged). 
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Figure 4. P-GES system of 1 MW assumed for this study. 
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Figure 5. Orientation of the simulation areas of (a) Fukuoka and (b) Ibaraki for the projection of the 3D visualization of location-dependent costs for the SPV-GES hybrid system. 
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Figure 6. The GES location-dependent cost variations in the 500 × 500 Fukuoka suburban simulation area for (a) transmission (107), (b) land (106), (c) supply chain (108) and (d) excavation (107). 
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Figure 7. The GES location-dependent cost variations in the 500 × 500 Ibaraki suburban simulation area for (a) transmission (107), (b) land (106), (c) supply chain (107) and (d) excavation (107). 
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Figure 8. The GES total location-dependent cost variations (Cloc) in the 500 × 500 suburban simulation areas for (a) Fukuoka (107) and (b) Ibaraki (107). 
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Figure 9. Comparison of the cost factors in Cloc for GES in (a) Fukuoka and (b) Ibaraki simulation areas, with the minimum, maximum and average values across the 500 × 500 simulation area points. 
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Figure 10. The SPV location-dependent cost variations in the 500 × 500 Fukuoka suburban simulation area for (a) transmission (107), (b) land (108) and (c) supply chain (105). 
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Figure 11. The SPV location-dependent cost variations in the 500 × 500 Ibaraki suburban simulation area for (a) transmission (106), (b) land (108) and (c) supply chain (104). 
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Figure 12. The SPV total location-dependent cost variations (Cloc) in the 500 × 500 suburban simulation areas for (a) Fukuoka (108) and (b) Ibaraki (108). 
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Figure 13. Comparison of the cost factors in Cloc for SPV in (a) Fukuoka and (b) Ibaraki simulation areas, with the minimum, maximum and average values across the 500 × 500 simulation area points. 
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Figure 14. The SPV-GES LCOE variations (in the 500 × 500 suburban simulation areas for (a) Fukuoka and (b) Ibaraki. 
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Figure 15. The location-dependent cost variations in the Fukuoka 500 × 500 simulation area for SPV, based on transmission and land costs and SS1 only (dotted line represents the straight line connecting CBD and SS1 in Fukuoka). 
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Figure 16. Geometrical approximation of the optimized cost location for a utility-scale GES installation in the suburban mountainous terrain of Fukuoka. 
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Figure 17. Comparison of the LCOS of GES in the simulated SPV-GES hybrid cases with the LCOS benchmarks of other energy storage technologies in Japan [benchmark data obtained from]. 
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Figure 18. The variation of the LCOE at the cost-optimized locations in the (a) Fukuoka and (b) Ibaraki simulation areas for the SPV-GES hybrid systems with curtailment rate. 
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Figure 19. The variation of the LCOE difference between a SPV system and a SPV-GES hybrid system at the cost-optimized locations in (a) Fukuoka and (b) Ibaraki simulation areas with curtailment rate (positive values indicate LCOE has increased due to the introduction of GES; negative values indicate LCOE has decreased due to the introduction of GES). 
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Figure 20. The variation of the LCOE at the cost-optimized locations in (a) Fukuoka and (b) Ibaraki simulation areas for the SPV-GES hybrid systems with discount rate (up to 10%). 
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Table 1. List of abbreviations and notations used in this study.
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	Abbreviation
	Full Form/Meaning





	VRE
	Variable Renewable Energy



	SPV
	Solar Photovoltaic



	GES
	Gravity Energy Storage



	P-GES
	Piston (-type) Gravity Energy Storage



	LCOE
	Levelized Cost of Energy



	LCOS
	Levelized Cost of Storage



	IRR
	Internal Rate of Return



	PHES
	Pumped Hydro Energy Storage



	CAES
	Compressed Air Energy Storage



	FES
	Flywheel Energy Storage



	MUFSP
	MUlti-Factor Spatial Parameterization



	CBD
	Central Business District



	LDC
	Load Distribution Center



	Manu
	Manufacturing Plant



	SS
	Substation



	FP
	Flat Point



	MP
	Mountain Point



	GIS
	Geographic Information System



	NMC
	Nickel–Manganese–Cobalt



	LFP
	Lithium–Ferrous–Phosphate



	SDG
	Sustainable Development Goals



	ACSR
	Aluminium Cable Steel Reinforced



	OLS
	Ordinary Least-Squares



	MCDA
	Multi-Criteria Decision Analysis



	MAWE
	Magnitude-Weighted Economic (MCDA)



	Notation
	Variable Representation



	Ctot
	total initial investment (SPV and GES) (JPY)



	Cnon-loc
	non-location-dependent costs (SPV-GES) (JPY)



	Cloc
	location-dependent costs (SPV-GES) (JPY)



	Ctrans
	transmission costs (SPV and GES) (JPY)



	Cland
	land costs (SPV and GES) (JPY)



	Cexc
	drilling/excavation costs (GES) (JPY)



	Csc
	supply chain costs (SPV and GES) (JPY)



	cckt-km
	transmission cost per km of circuit (JPY/km)



	Lmin
	horizontal distance to nearest substation (km)



	Ppeak
	peak capacity of SPV plant (MW)



	PGES
	peak capacity of required GES (MW)



	R
	resistance per km of transmission line (Ω/km)



	DCBD
	distance from CBD (km)



	Dmanu
	distance from the material manufacturing site to FP (km)



	Dmsc
	distance from the nearest FP to the k-means MP (km)



	FL
	freight load of the material to be transported (tons/MW)



	cft-km
	cost of transporting one ton load for one km (JPY/km-ton)



	Croad-km
	per km cost of road construction (JPY/km)



	cexc
	unit cost of excavating (JPY/m3)



	Vexc
	excavation volume (m3)



	Csys
	system cost for the SPV-GES (JPY)



	Cplanning&approval
	planning and permitting costs (SPV and GES) (JPY)



	Sout
	annual maximum energy output of the system (MWh)



	CF
	capacity factor



	At
	annual maintenance and operation (O&M) cost (JPY/year)



	t
	lifetime of the SPV-GES plant (years)



	k
	curtailment ratio










 





Table 2. Parameters of the P-GES system for 1 MW.
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	Parameter (m)
	Container
	Piston
	Return Pipe





	Height
	137.64
	68.82
	137.64



	Diameter
	8
	8
	0.12



	Thickness
	2.09
	-
	0.014










 





Table 3. Land cost regression results for Fukuoka.
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Variables

	
Reg. Coefficient

	
Standard Error

	
p-Value






	
Intercept

	
12.392

	
0.0921

	
0.0000




	
Distance from CBD (    X   1    )

	
0.108

	
0.0400

	
0.0068




	
Distance from LDC (    X   2    )

	
−0.136

	
0.0367

	
0.0002




	
Distance from 2nd CBD (    X   3    )

	
−0.00128

	
0.0056

	
0.0819




	
R-Square: 0.88




	
N = 934











 





Table 4. Land cost regression results for Ibaraki.
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Variables

	
Reg. Coefficient

	
Standard Error

	
p-Value






	
Intercept

	
8.857

	
2.0512

	
0.0000




	
Distance from CBD (    X   1    )

	
2.729

	
0.589

	
0.0000




	
Distance from LDC (    X   2    )

	
−1.812

	
0.399

	
0.0000




	
Distance from 2nd CBD (    X   3    )

	
−0.895

	
0.201

	
0.0000




	
Distance from 3rd CBD (    X   4    )

	
−0.020

	
0.0135

	
0.1402




	
Distance from 4th CBD (    X   5    )

	
0.0952

	
0.133

	
0.0000




	
Distance from 5th CBD (    X   6    )

	
−0.0442

	
0.0121

	
0.0003




	
R-Square: 0.55




	
N = 351











 





Table 5. LCOE/LCOS parameter description and values for the hybrid SPV-GES system.






Table 5. LCOE/LCOS parameter description and values for the hybrid SPV-GES system.





	
Coefficient

	
Meanings

	
Value

	
Reference






	
Csys (JPY/MW)

	
The system cost of SPV

	
180,000,000

	
[44]




	
The system cost of GES

	
185,000,000

	
[21]




	
Cplnaning&approval

(JPY)

	
The cost for planning, approval, and management

	
5% of the system cost

	
[54]




	
CO&M (JPY)

	
The annual O&M costs of SPV

	
3% of the system cost

	
[53]




	
The annual O&M costs of GES

	
5% of the system cost

	
[21]




	
I

	
Annual discount rate

	
7%

	
[53]




	
n (year)

	
Life span

	
30

	
[50]




	
k

	
Curtailment rate of 1 MW SPV

	
0.2379

	
[43]











 





Table 6. Results of MAWE-MDCA for candidate locations of SPV-GES hybrid system.






Table 6. Results of MAWE-MDCA for candidate locations of SPV-GES hybrid system.













	Criteria
	Fukuoka (FP)
	Fukuoka (MP)
	Ibaraki (FP)
	Ibaraki (MP)
	Weights





	Cland
	4
	2
	5
	3
	0.6433



	Ctrans
	4
	3
	3
	2
	0.1780



	CSC
	4
	1
	5
	2
	0.1156



	Cexc
	2
	5
	2
	4
	0.0632



	Normalized Rank
	3.8736
	2.2521
	4.4544
	2.7696
	







Note: 1 is given to the worst economic performance and 5 is given to the best.
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