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Predicting how a planned city will develop and expand after its construction, and which resources, such as energy, the city will need over time is only possible if one can rely on similar examples and reliable models. Given the existing spatial plans for the design of the new capital city of Indonesia, there is a need to develop and compare city development scenarios–in spatial expansion, population size, resource, energy and food requirements. A combination of various geospatial data approaches can address this knowledge and assessment gap. This article investigates spatial expansion, forest encroachment and sustainable energy infrastructure requirements using open access geodata and models. The hypothesis is that the constitution of the new capital city of Indonesia can rely on existing energy infrastructures but may also need to rely on additional resources. The research approach was to collect and integrate different types of geospatial data related to land use, terrain characteristics and population growth assumptions and connect these to both urban growth models and predictions and energy. This relied on land use change methodologies and urban growth models to simulate and predict spatial effects, with ca particular focus on the expansion of energy requirements. The choice to focus on energy requirements additionally required a comparison of different kinds of energy sources, such as solar and wind energy. The conclusion is that all design and expansion scenarios indicate a possible spatial conflict between locating sustainable energy production facilities with maintaining ecologically sensitive areas. A possible solution is to make use of existing mining infrastructures to enhance sustainable energy production and to make use of dual land and water solar energy systems.
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INTRODUCTION

Indonesia has decided to construct a new capital city (Hackbarth and de Vries, 2021; Kodir et al., 2021). It is currently Jakarta Java Island, yet a new location is foreseen in Kalimantan, somewhere between the current cities of Balikpapan and Samarinda. How such a city will develop over time and what sort of resources will be needed when is obviously unknown, and will depend on multiple factors. In any case, the construction of the new capital city, referred to as Ibu Kota Negara (IKN), will alter existing regional land use plans of the adjacent municipalities and regions, and will therefore also have an environmental impact. So far, these impacts are largely unknown, as both the plans for the size of the IKN as well as the predictions for its spatial growth are still part of the political concourse. This uncertainty requires spatial planners and land managers to model various types of spatial and environmental assessments in order to predict and compare multiple scenarios of growth, needs to resources and impacts for the environment (Farid, 2021). This paper zooms in to the exploration and prediction of spatial (sustainable) energy requirements and the environmental impacts of various energy alternatives for the largest variant of the new city IKN.

Principally, IKN should be in line with sustainable city development guidelines, including the provision of renewable energies. Renewable energy would supply up to 39% of the new city's electricity consumption (Nangoy, 2021). Yet, this figure is significantly higher than the average of Indonesia's renewable energy provision in planned for 2030. Currently, hydroelectric power dominates the renewable energy potential in Kalimantan due to the area's abundant wide and long rivers. Even though wind energy has a low potential, already implemented wind farms in Indonesia are profitable. Therefore, East Kalimantan possesses enormous potential for clean energy. Research from the Ministry of Energy and Mineral Resources shows that the prospect of hydroelectricity, solar power, wind power, biofuel and other renewable energy sources combined in East Kalimantan alone can reach up to 20 GW. Hydroelectric comprises 26% of it, and solar power is 65% (Farid, 2021).

The availability of open access data and open access algorithms provides a unique opportunity to explore and compare different spatial and environmental scenarios and estimate different types of impacts. Although there exists different options for the size of the IKN, one of the most recent plans for the IKN indicates that regardless of the actual built-up area the establishment may affect a total surrounding area of approximately 180,000 ha (Sihombing and Simanungkalit, 2020). One of the crucial requirements of the IKN concerns the need for energy, from either conventional fossil sources and/or from renewable energy sources. Currently the renewable energy production in the area is close to 0%, which poses a crucial dilemma if the city aims to become as one of the greenest city in the world. At the same time, however, the location of the IKN is in an area surrounded by tropical forest and nature reserves, combined with facilities for energy production, thus providing with developed infrastructure, there is great potential for clean water and different types of renewable energies. Moreover, the current political context of Indonesia is also one which aims for international recognition for sustainable and renewable energies (Bland, 2021). Hence, a sustainable and renewable energy assessment of the newly designed IKN is timely and opportune. Such an assessment needs to rely on multiple types of data, which can predict and simulate both demographic and industrial growth scenarios as well as estimates of water, forest, soil and meteorological consequences.

The core questions for this article are:

• Where, how and in which direction is the IKN most likely to develop?

• Which type of energy requirements would such a development have?

• Under which conditions can renewable energies address the energy requirements for the IKN?

Answering these questions first requires an insight in how new capital cities are developing. This can draw on general insights in urban design and expansion theories, as well as a comparative evaluation of the development paths of similar new capital cities. After this follows a reflection on current plans for the IKN and an assessment of possible scenarios of size in time. Hereby we need to rely on existing documents, plans and debates, mostly available through gray literature, personal communication with public offers and planners and a review of information in the media. Based on these plans one can calculate the energy requirements for different scenarios of size and growth. After this, one can assess how renewable energy potentials–derived from existing topographic, wind and sunlight characteristics–can replace the current electricity provision. The next sections follow this sequence.



URBAN DESIGN AND EXPANSION THEORIES

Any design and/or relocation of capital cities faces a number of theoretical, conceptual, socio-cultural and institutional challenges. There are multiple theories and conceptual frameworks on the design, shaping and construction of new cities. Originally, designs of new cities followed artistic principles (Sitte, 1965), ecological principles (Cadenasso and Pickett, 2008) and principles of regional cities or those of compact cities (Thomas and Cousins, 1996; Anabtawi, 2018), for example. More recently, such designs need to adhere to principles of sustainable cities (Bibri, 2018), urban resilience (Ribeiro and Gonçalves, 2019), liveability (Southworth, 2016), city branding (Lu and Fu, 2019), city of public urban spaces (Carmona, 2021) or smart city development (Han and Hawken, 2018), to mention just a few. Specific for capital cities is that they must represent the ideal image of the country and country's history, be multi-functional in politics and commercial life yet also be able to host performative functions and act as cultural center (De Vries, 2021; Hackbarth and de Vries, 2021). If furthermore designed in accordance with responsible land management principles, capital cities need to take into account human recognition of indigenous and traditional values and symbols and provide spatial justice and participatory inclusion in the design and execution processes. Furthermore, the design of cities should affect or deteriorate cultural and traditional landscapes and cityscapes, which act as symbolic elements to represent national identity. Finally, of further crucial importance are land tenure security, affordable housing, securing spatial diversity and acknowledgment indigenous and/or traditional identities within the city boundaries (De Vries, 2021).

Designing or redesigning requires geospatial data and geospatial development and expansion models, which deal with multiple factors relevant for expansion. Obviously, observable artifacts of city expansion are artifacts related to increasing numbers of people, such as new houses and new social activities. However, these expansions also require other spatial features, such as resources and infrastructure, energy provision and new roads. The establishment of other capital cities has shown a variety of spatial effects, in terms of demographic changes, urban-rural conversions, informal encroachments and environmental impacts (Rossman, 2018). Yet, conceptualizing these dynamics in a single model remains a challenge, given the variety of both spatial and thematic effects, which these previous examples have shown. Hackbarth and de Vries (2021) posit that significant unknowns in all of these examples constitute population growth (and thus the extent to which and the direction in which cities are likely to expand), and resources needs. There are both new capitals, which have turned into sleepy ghost towns (e.g., Belmopan, Yamoussoukro), whereas there are others whose population numbers and densities have increased rapidly explosively (e.g., Abuja, Brasília). Similarly, a city such as Sejong in South Korea was designed immediately as a smart city with active data-collecting sensors and prediction mechanisms, whereas others immediately suffered from negative environmental impacts and limited access to resources and energy facilities (e.g., Nouakchott, Islamabad). Therefore, extensive and complementary data collection is important for modeling and generation of growth scenarios.

Besides clarity on how and where city could expand, one would also need clarity about which types of energy facilities could support the creation of a smart city supported by renewable energy provision. Currently, Indonesia's energy supply depends primarily on oil, gas and coal, even though the potential for renewable energy is high. Especially in East Kalimantan and the IKN area, coal and gas fire plants are dominant. Hasan et al. (2012) indicate however that with Indonesia's current energy consumption rates, crude oil and natural gas reserves will last 23 and 52 years respectively.

The two pillars of the smart city in terms of energy supply are sustainable energy production and smart distribution. Smart distribution includes the internet of things, an omniscient cloud, a responsive energy network and a smart grid. The benefit of smart electricity grids lies in the capabilities to simultaneously generate, store and use (or consume) electricity (Masera et al., 2018). This implies that both the existing infrastructure to transport electricity need to be accompanied with added electricity sources and network control and regulation tools, which can accommodate power fluctuations in the grid because of fluctuations in the energy sources (e.g., switching to wind energy if winds speeds are significant and relying on solar energy during significant solar activity). Such a system would obviously require smart optimization algorithms that can accommodate flexibility in energy provision.



THE NEW CITY DESIGN CASE OF THE NEW CAPITAL CITY OF INDONESIA

In November 2021, reports were that the current administration of Indonesia government would start moving the country's capital city (IKN) from DKI Jakarta to East Kalimantan (Kaltim) in the first semester of 2024. The policy for relocating the nation's capital is contained in the Draft Law on the State Capital (RUU IKN)1 Article 3 of the IKN Bill states that “The transfer of the status of the State Capital from the Special Capital Region of Jakarta to IKN is carried out in the first semester of 2024 and is stipulated by a Presidential Regulation,”. “Since this Law (IKN) was promulgated until the date of the promulgation of the Presidential Regulation concerning the Transfer of the Status of the State Capital from the Special Capital Region of Jakarta to IKN, the position, function, and role of the IKN remain in the DKI Jakarta Province,” Article 28 paragraph (1).

The status of the IKN is that there are different scenarios for the size and the specific boundaries, which range from a core area of the IKN of several hectares needs for the main government administrative buildings only, to a full size capital region covering an area of 256,142.74 hectares. We had to rely on the largest scenario to evaluate the largest possible impact. The boundaries of this region were derived from digitizing the informal maps issued by the government and connecting these to existing geospatial data available from open sources.

The current energy conditions are not yet favorable to construct a smart energy IKN. Putra et al. (2020) argue that many parts of Indonesia, including the designated IKN area, has insufficient capacities to provide stable energy and handle flexibility in supply and demand. The IKN would therefore need to rely on a smart grid complemented by adequate assessments of future energy needs and potential renewable energy provision. This requires both a spatial and assessment of how current topography and meteorological conditions could be favorable to provide how much energy and an assessment of possible volumes for different scenarios of the IKN growth.

Currently, East Kalimantan relies on 150 kV transmission lines, but the plans are to expand this network to 275 kV and 500 kV interconnection lines. The grid in Indonesia is with T&D (transmission and distribution) losses over 7% unstable. The average electrical energy consumption per capita in Indonesia is 972 kWh per capita per year. For an IKN with 1.5 million inhabitants, as planned in the first stage there would be an estimated capacity need of 1,500 MW.

The electrical system in East Kalimantan is called Mahakam and is includes 25 power plants with a peak load of around 408 MW with 18 substation units. One of the transmission lines goes straight through the IKN area. With the new capital city moving into this electrical system, the load and reliability of the grid must undergo significant changes. The East Kalimantan grid covers seven voltage ratings (Hermanu et al., 2019):

• Voltage 150 kV on the main bus substation, which is the interconnection of all existing

• Substations

• 20 kV, repeating between the main bus at the substation and the bus generator

• Voltage 6.3 kV

• Voltage 13.8 kV

• Voltage 10.5 kV

• Voltage 3 kV

• Voltage 0.4 kV

The Mahakam system uses an interconnected electrical system with a voltage of 150 kV. The 150 kV transmission line, which connects Balikpapan City and Samarinda City, will be the initial point for the IKN grid. Before merging the Mahakam and the Barito grid, the installed cable length in the Mahakam System were 269 km of 150 kV, 4,094 km of 20 kV and 4,226 km of 400 V cable. Without considering the construction of the new capital city, the electricity demand in East Kalimantan is growing at a rate of 7% per year. However, the delta of the peak and bottom power load in the Mahakam is below average, caused by industrial users relying on their power generation (PLN, 2020). In February 2020, Sutijastoto, the director of the NREEC, the Directorate General of New, Renewable Energy and Energy Conservation, presented the implementation of renewable energies in the new capital city. According to calculations of the ministry, the electricity supply needed for the new capital city is 1.55 GW. The ministry used the following assumptions in its calculations (Sutijastoto, 2020):

• Population 1.5 million inhabitants

• Consumption per person 4,000 kWh

• Electricity needs 6,000 GWh

• Losses 10%

• Load Factor 63%

• Power Production 6,600 GWh

• Peak Load: 1,196 MW

With a reserve margin of 30%, the electricity supply needs to be prepared to be 1,555 MW. Therefore, the RUPTL expects a renewable energy development of 1,550 MW in North and East Kalimantan. The Electricity Supply Business Plan (Rencana Umum Penyediaan Tenaga Listrik–“RUPTL”) from 2016 until 2028 is a development plan for the operational areas (Wilayah Usaha) of PLN, the national energy company. It indicated the projects that will be constructed by PLN and the projects tendered for Independent Power Producers (IPP) investors (PwC, 2016).

In 2018, a PLN East and North Kalimantan representative stated, “We successfully synchronized the two electricity systems at the Tanjung electrical relay station.” As a result, PLN merged the East (Mahakam system) and South Kalimantan (Barito system) grids to have a utilization capacity of up to two GW (Adri, 2018). After the decision of the move to East Kalimantan and the estimation of the electricity supply of IKN with 1,550 MW, the director of the Director-General of Electricity at the Ministry of Energy and Mineral Resources, Rida Mulyana, published plans for new power plants in the area. Consistent with the RUPTL 2028 plan, another 864 MW of power plants in the East Kalimantan Province were added to the 691 MW already planned. As a result, the Kalimantan Interconnection system (Barito + Mahakam) should have a capacity of 1,570 MW with a peak load of 1,095 MW and 475 MW with a reserve margin of 30% (Indonesia Window, 2019).



URBAN GEOSPATIAL MODELING METHODOLOGIES

Geospatial data and models can help to derive how and in which direction the IKN is most likely to develop, and to estimate how much and which energy such an IKN would need.

The first step is to assess the total area of the IKN and convert this into geographic information formats. With the help of documentation on the location and scenarios of the IKN collected by researchers of the Institute of Technology of Kalimantan (in Balikpapan), it was possible to derive and digitize the boundaries of the IKN area using google maps. These boundaries acted as a spatial mask to search for other relevant data in different geospatial data repositories. Land use data and a Digital Elevation Model (DEM) were extracted based on Sentinel and Landsat 8 data and using the EarthExplorer tool from the United States Geological Survey (USGS). The classification of the images relied on the Semi-Automatic Classification Plugin in software QGIS 3.16, following the prescription of Congedo (2021), which enables the pre-processes the images, classifying and postprocessing the classification with built-in algorithms developed in Python. Satellite images from Landsat 8 and Sentinel 2 satellites were used to get an examination of the site. With a vector file obtained from the planners of the new capital in an informal manner, it was possible to narrow down the area. The satellite images used for the classification relied on the available images from The United States Geological Service (USGS). Table 1 provides the remote sensing data used to delimit the IKN area. The area lies actually on the border of four adjacent images. Four other Sentinel 2 images were merged to one and afterwards clipped with the vector of the IKN area. Figure 1 portrays the merged and vector-clipped data. Two other Landsat 8 satellite images of the area enabled to substitute those areas that had a high cloud coverage of the Sentinel 2 images. Sentinel images do not only offer a larger selection of images, as a revisit frequency is guaranteed by two satellites rotating in the orbit phased at 180 °, but also provide a more precise resolution compared to the alternatives (10 m per pixel for multispectral) (see Table 2). Table 1 provides an overview of used images, selected with emphasis on low cloud coverage. Due to the mostly high cloud coverage in the region and IKN being on a borderline of four satellite images data collection was particularly difficult. Nevertheless, it was possible to find images with satisfactory cloud coverage over the study area, which could be masked and substituted by Landsat 8 images after classification. The two Landsat images were selected because they had low cloud coverage in the unclassifiable spots of the Sentinel images. The images came from the repositories of USGS. Table 2 describes the resolution of the Sentinel bands.


Table 1. Remote sensing data used for selecting the IKN area.

[image: Table 1]
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FIGURE 1. Merged and clipped sentinel 2 image before classification.



Table 2. Sentinel 2 bands.

[image: Table 2]

Accuracy assessment of the final LULC map of the IKN area was conducted with the stratified estimation method by Olofsson et al. (2013). The accuracy assessment tool of the QGIS software gives the total number of pixels to be used for the estimation of the accuracy with the formula:

[image: image]

Wi is the area percentage per class, given in the classification report. The expected standard deviation of the overall accuracy So can be assumed. The standard deviation Si is calculated within the tool. The total number of classes c are the eight classes, used in this research. The number of necessary training input pixels was calculated to be 72 and was exceeded by the actual number of training inputs. The accuracy assessment also includes a random pixel generator given randomly chosen points on the map and saves them to a reference file. One must assign the specific values of the classes to the generated pixels, by using additional maps as comparison criteria.

The classification process drew on the procedure utilized by Verstegen et al. (2019). The satellite images were visually inspected and compared with similar pictures from Verstegen's land cover analysis, google maps images and Google Street View. The land use classification process employed the SCP function in QGIS Version 3.16. for the Sentinel 2 images. With extensive region of interest (ROI) collection spectral signatures of different ROIs were inserted into the training input shapefile. Training input for the macro classes of water bodies (WB), mining area (MA), natural forest (NF), industrial forest (IF), palm oil (OP), urban built-up (UB), agriculture (AG) and grass / scrubland (GS) was defined and used for the consequent classification. Clouds and cloud shadows were further classified as 0 in order to be able to mask them and to insert classified areas from the Landsat 8 images into the empty spaces. Figure 2 displays the workflow of the entire classification process.


[image: Figure 2]
FIGURE 2. Work flow of classification process.


For the city development, urban growth scenarios and land use changes were derived from the study and associated datasets of Hackbarth (2021). This study compared the CLUE-S model and the FUTURES system, which are both operational within Grass GIS, and opted to rely on the latter given the active support on the one hand, and the possibilities for scenario development (Petrasova et al., 2016). It requires at least two LULC maps (Meentemeyer et al., 2013), which can be directly utilized by QGIS. For the simulation of the urban expansion patterns after the construction of the new capital one has to rely on the land cover situation in the area after a given planned building stage as a point of reference. In this first construction phase in 2024, there is only the main government campus planned. This is however suitable for the expansion model as a starting point of reference. For the expansion, it is possible to use the r.sample.category2 and the v.net function3 in Grass GIS, which creates a randomly generated street network within the planned urban development area. Afterwards, a random road network can then be calculated with the v.net function by connecting the various points within the boundaries of the total area available. To a certain degree these road expansions already exist when visually inspecting the satellite images, as these are informal paths to access existing or past palm oil and timber plantations.

For the second step, i.e., the assessment of energy requirements, additional data included maps of protected forest and nature areas, satellite and meteorological solar energy data, satellite and metrological wind energy data, and data related to grid infrastructure and energy and electricity distribution. In order to calculate wind and solar energy the following processes were done. From the digital terrain model, it was possible to calculate and derive a map of the hillshade, aspects, slopes. The data on protected areas were classified into categories peat, karst, wetland, moor, birds' sanctuaries, and the protected grand forest park. The solar power potential was derived from a map showing the PV potential and the global horizontal irradiation. The wind power potential map relied on data related to the capacity factor IEC Class III, wind power density, mean wind speed and (landscape) roughness length. To gain additional knowledge in project development, greenfield engineers from different fields and countries were contacted. For example, Greenfield engineers for solar and wind energy projects in Germany, Greece and Indonesia, who could share the experience and insights from previous studies. The estimated population for the IKN is 1.5 million inhabitants. The total needed energy will be around 3.75 TWh/year to 4.5 TWh/year, with a 4,000 kWh consumption per person (total demand of the city divided per person). The construction phase of the IKN alone will already require a significant increase in energy production. Once constructed, the electricity demand will rise sharply due to consumption from office activities, housing, and services such as education, hospitals, and shopping malls.

The Global Windatlas databank provided the base data for possible wind energy outputs. The atlas is published by the World Bank Group, funded by ESMAP, and prepared by the Department of Wind Energy at the Technical University of Denmark (DTU Wind Energy) and operates a platform for access to historical, recent, and forecast data. Data used for this study are:

• Capacity Factor IEC Class lll

• Wind Power Density

• Mean Wind Speed

• Roughness Length

The Capacity Factor, the Wind Power Density and the Mean Wind Speed are largest at the northwest end of the IKN area. However, the roughness factor is too high in this area due to the hilly land. This analysis goes hand in hand with the slope map. Similar to the northwest are the potentials for wind energy in the eastern part of the area. Wind speed is higher because of the proximity to the ocean. The capacity factor is around 0.15 until 0.2. The wind power density lies between 50 and 80 W/m2. The mean wind speed per year is around 4 m/s. The roughness length is the lowest in the eastern area. If restricting oneself to the eastern part of the new capital to project wind turbines, one must reckon with the following basic conditions. To exclude zones with poor potential for wind turbines, the following parameters were set.

• Wind power density > 40 kW/m2

• Mean Wind Speed > 3,6 m/s

• Capacity Factor IEC 3 > 6,5%

We excluded various areas for locating possible power plant projects:

• Areas where the land-use class is water (1), forest (3) or agriculture (7)

• Areas with protected wetland (more and mangroves)

• areas of national protection

• Bukit Soeharto Grand Forest Park

• Hutan Samarinda-Balikpapan birds' sanctuary

• Areas where the governmental buildings of the IKN are planned

For the establishment of how and where renewable energy could address the energy needs, we had to rely on the Global Solar Atlas, released for the solar potentials in Indonesia. The Atlas, published by the World Bank Group, funded by ESMAP, and prepared by Solargis. Solargis develops and operates a platform to access historical, recent, and forecast data (Global Solar Atlas, 2019). It calculates the PV output, i.e., the assessment of power production potential for a PV power plant with freestanding fixed-mounted c-Si modules, mounted at an optimum tilt to maximize yearly PV production.

For the solar potentials, we also had to rely on the slope steepness and slope direction. The optimal angle of the alignment of the solar panel depends on the season and the location. The azimuth is changing over the day but also over the year. Indonesia has a relatively low tilt-angle of 7°-10° north-facing (Shakti Pumps, 2020). Building on a north-facing slope in the area, this must be taken into consideration. South-facing slopes must be excluded due to possible shading and loss of direct sunlight hours. Since the area to be developed is relatively close to the equator, the areas are excluded here only with a slope of 8° south and more. To generate the maximum energy output, the optimum angle for orientating must be determined. For the specific part of Indonesia, the optimum angle for summer (April—September) is around 20°. The optimum angle for winter is around 0°. The results in a north-facing tilt angle for the year of 8° (Shakti Pumps, 2020). One could indeed argue that solar potential fluctuates through the year, but we used the figures provided in the SolarAtlas as an overall guide to what is possible and feasible.



RESULTS


Development of IKN

Figure 3 presents the classification output for the IKN area. The new capital city has an area of 55,491 hectares, of which 35,772 ha is currently forest, 74,460 industrial forest and 37,201 ha palm oil. The planned center area for the government itself is 5,137 hectares. The capital city designated administrative total area is approximately 183,798 hectares. Figure 3 shows the IKN area after finishing the two significant parts of the city. The governmental area (Brown) and the main urban area (Green). Table 3 displays an overview of the land use changes for the initial phase of IKN development.


[image: Figure 3]
FIGURE 3. IKN area with urban and governmental part.



Table 3. Overview of land-use changes in the IKN area.

[image: Table 3]

Figures 4–6 present the Digital elevation model (DEM) of the IKN area and the associated hillshade, slope and aspect maps, which enable the assessment of where to locate the renewable energy potentials.


[image: Figure 4]
FIGURE 4. Digital elevation model IKN area.



[image: Figure 5]
FIGURE 5. Slope map.



[image: Figure 6]
FIGURE 6. Aspect map.


The slope is a rate of change in altitude from pixel to pixel. It is displayed in percentage and can be converted into degrees. It shows the steepness of the terrain, which is helpful in site analysis for construction projects. For the slope map, a steepness of 70% would equal a 38° slope. The IKN area has mostly plane slopes under 10%. The western part of the area and one ridge in the middle have steeper slopes.

With a radius of 360 degrees, the map shows the compass direction of a continuous surface like the terrain represented in the DEM (north, northwest, etc.). The aspect map is helpful to identify landscapes like valleys or, in particular for this study, the amount of solar irradiation on the surface. Green is north facing; red is south facing. Because the IKN area is located in the southern hemisphere, potential solar power plants are looking for north facing slopes. Potential sites for wind energy are also affected by the slope in the construction of the turbines. The roughness factor of the terrain is directly connected to the power production of the wind turbine and a derivation of the slope map (Zhang et al., 2017).



Energy Requirements for IKN Development

The current Kalimantan Interconnection System (East Kalimantan, South Kalimantan, and Central Kalimantan) has a capacity of 1,569 MW with a peak load of 1,095 MW (Prasetyo, 2019). The current transmission lines going through East Kalimantan have a capacity of 150 kV. The PLN has already published plans about upgrading the transmission line to 275 kV, but it is clear that establishing the IKN will necessitate an upgrade of the existing infrastructure, exceeding the current upgrading plans.

The analysis of wind energy potentials depends on suitable locations. The results of finding suitable locations for wind energy using the wind potential indicators are three maps (Figure 7) with binary values 1 (white) and 0 (black), whereby 1 indicates a potential location for wind energy, and 0 no potential. The wind speed and power density are given as an average value over the year at an altitude of 100 meters. The South Kalimantan Energy Outlook 2019, for example, was calculated with a mean wind speed at 5–6 m/s but measured at an altitude of 150 meters (Ea Energy Analyses Danish Energy Agency, 2019). This results in a capacity factor of 36%. Even though the area of East Kalimantan has low wind energy potential, this does not eliminate the potential of profitable wind farms. Nevertheless, it is essential to exclude research older than 3 years. The opportunities to exploit wind energy potential increases every year with larger turbines. Research results older than 3 years may have lost their validity. Merging the wind potential indicator maps, green area shows the high wind potential areas.


[image: Figure 7]
FIGURE 7. Wind energy potential indicators.


The wind energy potentials are predominantly located in the east, close to the coast. This map is however only first rough assessment of where to locate wind energy plants. A crucial technical requirement additionally includes also the type of wind turbines in connection to the terrain characteristics. Some areas do have good wind conditions but need to be excluded as well because these are in wetlands, unfit slopes slope or land use. Figure 8 therefore presents a better estimate of potentials, containing areas with low wind energy potential, indispensable land classes, protected wetland and steep slopes are excluded and marked as “no construction”. Excluded are:

• Land use classes 1: water bodies, 3: natural forest, 7: agricultures

• Slopes above 7°

• Protected wetlands

• Areas with low wind energy potential


[image: Figure 8]
FIGURE 8. Wind energy potential with the exclusion of significant land use, high slopes, and protected wetlands.


Considering the roughness length, it is the lowest in the eastern area. If restricting oneself to the eastern part of the new capital to project wind turbines, one must reckon with the following basic conditions. The involvement of the roughness length goes hand in hand with high wind energy potentials. Also confirmed by the digital terrain model in Figure 4.

The analysis of solar energy potentials depends on multiple indicators. The first concerns the solar potentials. Figure 9 presents a map of the Global Horizontal Irradiation values.


[image: Figure 9]
FIGURE 9. Global horizontal irradiation.


The analysis of the potential from solar energy follows a similar sequence as for wind energy. The first step is to create binary maps based on the solar potential indicators (Figure 10).


[image: Figure 10]
FIGURE 10. Locations with high and low solar potentials.


Merging the maps and excluding certain designated land use types leads to Figure 11.


[image: Figure 11]
FIGURE 11. Solar energy potential.


The highest photovoltaic possibilities are in the east of the region. After mapping the solar potential and matching the potential solar maps with the restricted area around the new capital city, the slope and aspect of the site are being considered. The average cloud cover density gets denser moving further west. That is why there is a relatively sharp cut in the potential map—continuing working with this map, areas further west should not be excluded in the case of the missing area. The entire territory IKN has global horizontal irradiance of at least 1,500 kWh/m2, which indicates Indonesia with great potential for developing solar power systems all over the area.



Under Which Conditions Can Renewable Energies Address the Energy Requirements for the IKN?

The network for the new capital will need to branch from the main central transmission line running from Balikpapan to Samarinda. In constructing large energy projects, preference should be given to potential sites near the transmission line. Here, costs can be saved due to shorter transmission paths to the main network and cable losses can be minimized. On average, a wind farm in Germany loses 2% of the electricity from the turbines to the substation (BayWa Renewable Energy, 2020). High voltage signifies low losses. The shorter the distance from producing the electricity until it arrives in the high-voltage grid, the better it can be distributed over the IKN area.

In mining areas, the construction of a wind farm can lead to advantages in cost reduction. Mining areas are also suitable for the project planning of wind parks since the electricity infrastructure is given and so is the transport infrastructure. Due to the large machinery needed for coal mining, it is no problem to transport rotor blades and parts of towers to the given location. However, there is not enough wind to have sufficient wind energy.

Furthermore, it is essential in a country like Indonesia and an area close to the coast to consider the salinity of the air when opting for solar energy. The effects of salt spray on the panels for example directly affect PV systems on cargo ships. The salt spray has a weakening effect on the electrical output of the modules. The solar radiation levels reduce with salt spray on the panel. Salt spray can also lead to corrosion, but in a non-marine environment, this can be neglected compared to the decreasing irradiation. The salt spray creates a water film on the surface of the module. When the water evaporates in the heat during the day, salt particles are left on the surface (Zhang and Yuan, 2021). Therefore, a thin area on the coast is excluded from the construction. Additionally, the slope, representing the change in altitude, and aspect, representing the alignment of the slope issued in degrees, are taken into consideration. Solar power plants will be constructed in the southern hemisphere but still relatively close to the equator. Therefore, the ideal plot for development needs to have north-facing areas and a slope of <7°. If the slope is <3.6°, the aspect doesn't matter anymore (Congedo, 2021).

Figure 12 show the solar potentials when excluding non-effective slopes, unfit land use classes 1,3 and 7, and excluding the protected wetlands, and south-facing areas, which are unusable for solar power plants.


[image: Figure 12]
FIGURE 12. Solar energy potential including slope and aspect.


Just being excluded in Figures 12, 13 includes the land use classes 1, 3, and 7 again. Through dual use of the excluded land use classes 1,3 and 7, solar PV projects in these areas can be particularly lucrative (Figure 13). Pointed out in blue, red, and orange. Floating solar for water bodies and AgriPV for agriculture fields. Because of the low environmental impact and the lower investment costs through existing electricity and transport infrastructure, the red areas with the land use of mining needs to be prioritized. Overall, 0.08% of the land use are water bodies that can be used for floating solar. Therefore, water bodies in mining areas should be prioritized—the first classification report issued the Class 1 water bodies with 22 km2. Land use Class 6, mining fields, make 2.21% of the IKN area after excluding sites not suitable for the construction of solar power plants. This 2.21% should be the primary focus for solar PV projects. Located in the East of the IKN area, also solar radiation is the highest in these areas. The advantages are the existing electricity distribution, transmission lines and transport infrastructure. This advantage makes these areas unrivaled by other areas without previous infrastructure. The second advantage is the low environmental impact of using disturbed land in mining areas. The third land-use class is Class 7, the agricultural parts of the IKN area. These make 1.26% of the usable land. 23 km2 can be used to install Agri PV plants. In this case, every agricultural area needs a customized solution. Farmers and agricultural businesses should be contacted to elaborate personalized solutions depending on crop, location, and size. The result can be a win-win situation for farmers, investors, and electricity companies. By using areas that have already been partially excluded from the project planning, an additional 40 km2 of the area can be gained just in mining sites. In any case, priority should be given to unused mining areas and hydropower plants because of the existing electricity and transport infrastructure. If the chosen area for constructing power plants is part of those four areas, further actions are necessary.

• The Governmental area of Ibu Kota Negara, which is constructed in the first phase

• The Urban area of Ibu Kota Negara, which is built in the first phase

• The Bukit Soeharto Grand Forest Park (Tahura Bukit Soeharto)

• The Hutan Samarinda-Balikpapan birds' sanctuary


[image: Figure 13]
FIGURE 13. Solar energy potential with dual land use.


Opting for any of these alternatives is politically and ecologically sensitive and connected to possible compensation measurements. Although at the time of this investigation is still unknown to what extent the location of the power plants have been included in the design of IKN, in principle, the environmental arguments against reasons these options are multiple.




DISCUSSION

The implications of the findings for the theory or urban growth and the modeling of urban development scenarios of new cities are that one needs to rely on the growth figures and characteristics of both similar other cities abroad and nearby cities to have a baseline model. These models may need to be adjusted regularly once the city starts to be built, and once certain dynamics—such as unplanned land use change, private spatial developments and investments and unplanned transmigration—are observable. Such requires an update of the spatial classification maps as well as regular monitoring of population dynamics. Part of these data may need to be collected by the neighboring regions, which are also directly affected by the growth. Additionally, there needs to be a close coordination between the different responsible sector agencies, such as those responsible for environment, transportation and infrastructure, to align the available datasets.

The findings have also shown a number of consequences for the choices in sustainable energy provisions. It has been clear that the current terrain and climate conditions are probably more suitable for tapping on solar than on wind energy as an additional, complementary energy resource. The energy demand figures are however difficult to predict at this moment, as a development toward energy-intensive economic activities, such as manufacturing industries and strong reliance on data centers which come with information industries, are largely unknown. This also calls for a close monitoring of economic developments and possible economic and environmental impact assessments on a regular basis. The study started with a synthesis of expert opinions and expectations in order to decide what sort of data and models would be needed to make the overall energy requirement assessment. Alongside these one needs however regular, or even continuous, updates of energy consumption in the area, especially once the construction activities start. This does however not imply that additionally investments in solar energy facilities and connections to the existing grid should be delayed. In fact, these could start immediately, such that the construction activities can already be partially supported by greener energies.

The investigation for the Indonesian capital also has implications of findings for development of capital cities in general, either at regional level or at national level. It may seem at first that constructing a new city has certain advantages over rebuilding or renovating existing cities, given that one may have more freedom to design spatial plans. However, the analysis of the terrain and the exiting environmental status quo also shows certain limitations and restrictions of spatial opportunities and possibilities. For energy provisions, the current terrain does not have natural locations where buildings and activities can directly benefit from, so there always needs to be additional infrastructure to connect to grids and to construct new energy facilities. Therefore, the benefit of constructing something new may not be directly clear. From a land management perspective, one could even argue that the construction of a new city may also result in disproportionate land take, at the expense of ecological resources, such as tropical forests. Nevertheless, the construction of a new capital city could also generate showcases of how new cities could be built, i.e., based on smarter and more responsible design principles. The design and energy considerations, and the workflow of collecting and analyzing the geospatial data cold thus be of relevance for future case.

There are of course a number of limitations of the findings and the chosen methodology. From a data management point of view, we had to rely on data from different sources and different qualities. The ideal situation would have been to tap into a broad repository of data via a national spatial data infrastructure portal. Certain data, such as topography, were indeed available here, but these were either not openly accessible, or incomplete for certain features. The consequence of these data gaps is that one has to rely on heterogeneous datasets and analysis software, whereby there is a strong risk of losing certain types of information during the process of integration. It is therefore recommended to build up a data repository for the development of the IKN specifically, whereby all agencies responsible for the development of the IKN cold tap in to.



CONCLUSION AND RECOMMENDATIONS

The research aimed at answering three questions, related to (1) the size and direction of most likely urban developments of a new capital city; (2) the energy requirements for such a development, and (3) the conditions to supply this energy through renewable sources.

With regard to the size and direction, we derived that the most likely expansion is in the directions of the least environmentally sensitive (or in other words, the most protected) areas. Although it is currently unknown to which extent the locations of energy production facilities are included in the ultimate design of the IKN, the geospatial analysis indicates that these areas may be theoretically suitable for all types of energy production facilities. However, following previous examples of other new capital cities, and also in line with the current three major scenarios developed by the Indonesian government the most likely scenarios is a phased start and expansion of the IKN with relatively strong control measures to handle the new demands of the area, including those for energy.

Pertaining to the energy requirements for such expansions, we derived that for the most likely developments the estimated energy requirements far exceed the available energy production in and for the IKN area. Major energy provision projects in the entire projected IKN region beyond the initial phase are therefore imperative. The status quo of energy provision in East Kalimantan is relatively modest. With mainly coal-fired power plants, the system has a capacity of 475 MW with a peak load of 407 MW. With Indonesia's RUPTL 2028 business plan, more than 864 MW are planned. Another 691 MW are planned to meet the demand of the new capital city. With a demand of 1,500 MW for the new capital city, the demand in East Kalimantan will rise to 2,000 MW. Around 1,500 MW of power plant projects need to be projected in the next 10 years. 30% should be renewable energy, mainly in the IKN area of East Kalimantan. At the same time, the grid needs a significant expansion. To accommodate 1,500 MW of produced power, it requires a 500 kV main transmission line. The locations for such facilities are most suitable where not only no renaturation measures are necessary, but also where the current land use benefits the power plant project directly or indirectly. With the help of finding and deriving certain land use classes, it is possible to derive those locations. Benefits can arise for power plant projects at locations where existing facilities already exist and locations that are close to existing suitable infrastructures.

In connection to the conditions for sustainable energy to become the main source of energy provision, we found that solar energy—despite the fact that solar radiation may fluctuate through the year—has the highest potential and far more potential than wind energy. Despite The wind energy potential mainly relies on the potential for higher classes (3 or higher) of wind turbines, designed to perform with the highest output and reliability for the area's wind conditions: low wind breezes or heavy storms. The terrain analysis has shown that overall, the entire IKN area is relatively low and flat, which implies that most areas are not suitable for wind energy. For wind turbines in low wind areas, it is crucial to have a steeper power curve. Therefore, the turbine must reach its nominal speed at a lower wind speed. Even with large wind parks, it is therefore unlikely that the energy production will be sufficient to provide for the IKN economically. Policy changes in subsidies, wind farm tenders and electricity price are necessary to construct profitable wind farms. In contrast, the solar potentials in Indonesia in general and in the IKN region, are high. Economically, one could even argue that the output is high enough and the construction will be cost-effective when the construction of PVs is on unused mining areas and on or within existing hydropower plants because of the existing electricity and transport infrastructure. Additionally, one may opt for dual use of solar PV projects on land and water.
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FOOTNOTES

1Available via https://www.hukumonline.com/pusatdata/detail/lt5e25764e75a77/rancangan-undang-undang-tahun-2020.

2Details are available via https://grass.osgeo.org/grass78/manuals/addons/r.sample.category.html.

3Details are available via https://grass.osgeo.org/grass78/manuals/v.net.htm.
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