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Abstract

ASEAN’s power sector faces the hard task of cutting fossil dependence. Using the macro-econometric ESME-FTT model calibrated to the
1IEEJ 2023 Outlook, we project outcomes under four pathways. The Reference (REF) and Current Technology Trajectory (CTT) cases yield
only modest renewable gains by 2050. By contrast, the Nationally Determined Contribution (NDC) and Ambitious (AMB) cases deliver large
increases, with renewables supplying about 85% and 93% of electricity, respectively. NDC combines a domestic ETS with subsidies for CCS,
wind, and solar, plus feed-in tariffs; AMB further tightens additions of new fossil capacity. Model results indicate that, although employment
could fall in fossil-fuel industries, higher clean-energy investment can raise ASEAN-wide GDP. Given the peninsular and archipelagic
geography of many member states, policies also attend to grid stability and access, not only climate mitigation. These findings underscore the
importance of coherent policy packages and credible near-term power plans to steer the transition.

Keywords : ASEAN - Power sector * Renewable energy - Nationally Determined Contribution (NDC) - E3ME-FTT model

1. Introduction

1.1 Background

The Association of Southeast Asian Nations (ASEAN) is a regional economic union likely to experience rapid growth in
the near future, accompanied by significant increases in energy consumption and associated carbon dioxide emissions (IEE],
2022). Although ASEAN’s share of global greenhouse gas emissions was only 5% in 2022, absent mitigation efforts, future
growth is expected to be environmentally significant.

In recent years, most ASEAN Member States (AMS) have announced carbon-neutrality targets to be achieved around
the middle of this century (UNFCCC, 2024). Given these countries’ reliance on fossil energy and their economic growth
trajectories, the path to carbon neutrality is steep (IEA, 2022a; IEE], 2022; Lau, 2023). Beyond domestic efforts, cooperation
and support from countries with carbon-free technologies and financing—such as Japan, China, and South Korea—will also
be important.

Achieving carbon neutrality requires economy-wide decarbonization, with particular urgency in the power sector. This
study therefore focuses on the power sector because (i) it offers large and immediate emissions reductions through
generation and investment choices, (i) low-carbon power technologies are already mature and increasingly cost-competitive,
and (iii) power-sector decarbonization is a prerequisite for electrifying other sectors and reducing their emissions. Mature
low-carbon alternatives in electricity are rapidly outcompeting incumbent carbon-intensive technologies in deployment and
cost (IEA, 2024), and a decarbonized grid can accelerate electrification in other sectors.

Across ASEAN, net-zero pledges and updated NDCs are increasingly complemented by power-sector policies that
prioritise rapid renewable deployment and grid enabling conditions, alongside a gradual shift away from unabated coal. At
the regional level, the ASEAN Plan of Action for Energy Cooperation (APAEC) 2026-2030 sets an aspirational target of 45%
renewables in installed power capacity by 2030 (ACE, 2025). Indonesia’s Enhanced NDC raises its 2030 mitigation target to
31.89% (unconditional) and 43.20% (conditional) below BAU, and the JETP CIPP further articulates a conditional pathway with
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power-sector emissions peaking by 2030 (<290 MtCO,) and reaching net zero by 2050 (Government of Indonesia, 2022; JETP
Secretariat and Working Groups, 2023). Malaysia’s National Energy Transition Roadmap (NETR) outlines a “Responsible
Transition” pathway targeting 70% renewables in installed capacity by 2050, providing policy context for the scenarios
analysed in this paper (Ministry of Economy Malaysia, 2024).

However, under current policies, power-sector decarbonization is unlikely (IEA, 2022a; IEE], 2022). Policy support and
enforcement—carbon pricing, subsidies, and, in some cases, regulations on fossil power generation (e.g., phase-outs)—are

needed to spur power producers to invest in and adopt decarbonization technologies.

1.2 Literature review

According to the IPCC (2023), achieving carbon neutrality on a global scale requires significant reductions in fossil-
fuel usage in the power sector, adoption of carbon capture and storage (CCS), carbon-free power systems, widespread
electrification, and energy conservation and efficiency improvements. Furthermore, the cost of reducing CO, emissions by
one ton is under $20 for solar and wind energy, energy efficiency improvements, and methane emission reductions (from
coal mining, oil and gas, and waste), contributing significantly to emission reductions. However, it is acknowledged that
achieving net-zero CO, emissions from the industrial sector is challenging. Nevertheless, coordinated actions across the
entire value chain, including demand management, energy and material efficiency, emission reductions, and transformations
in production processes, can make this possible.

Regarding the decarbonization of the power sector in ASEAN, Lau (2023) argues that coal and natural gas have historically
dominated ASEAN’s power sector, accounting for 77% of the electricity generation in 2019. To achieve net zero by 2050, AMS
need to decarbonize the power sector over the next 30 years.

Regarding the importance of climate change measures in AMS, the Asian Development Bank (ADB) estimates that if
climate change is not mitigated, major industries such as agriculture, tourism, and fisheries, as well as human health and
labor productivity in AMS, will be severely impacted (Raitzer et al., 2016). This could lead to an 11% reduction in GDP in the
region by the end of the century, with AMS potentially suffering greater losses than most other regions worldwide.

Given the significance of climate change impacts in AMS, recent years have seen modelling analyses on decarbonization
targeting these nations. The IEA (IEA, 2023) utilized the GEC (Global Energy and Climate) model, a bottom-up technology
selection model, to simulate the pathway to decarbonization in ASEAN countries up to 2050. Assuming a GDP growth rate
of 3.8% from 2020 to 2050, and analyzing the Announced Pledges Scenario (APS) from the World Energy Outlook 2022 (IEA,
2022a), it is estimated that the total energy supply will grow at an annual rate of 1.5%, with CO, emissions peaking around
2030 and subsequently decreasing at an average annual rate of —1.7%, achieving carbon neutrality by 2050. The importance
of decarbonizing the power sector through an increased share of renewable energy is also highlighted. Similarly, Kimura et
al. (2022) and IEE]J (2022) utilized the IEEJ-NE (Institute of Energy Economics, Japan-New Earth) model Otsuki et al. (2019,
2022), a bottom-up technology selection model, to conduct similar simulations, outlining the pathway to decarbonization
in AMS centered on electrification and the transition to renewable energy sources. The former investigated the optimal
configuration under the constraints of Net-Zero, while the latter produces energy system outlooks in a “Reference” and
“Advanced technologies scenario”. Phoumin et al. (2021) applied the bottom-up Low Emissions Analysis Platform (LEAP)
software tool and adapted it to the case of the ASEAN power generation sector. They exposed the LEAP platform to various
power generation configurations, though not per se with full decarbonization in mind. IRENA and ACE (2022) investigated
various decarbonization scenarios focusing on renewable energy, using the REmap toolkit, which includes PLEXOS to
estimate long-term power capacity planning. Lastly, the IEA (2022b) also published decarbonization pathways specific to the
case of ASEAN, building on their inhouse developed scenarios using the GEC model (IEA, 2023).

From the studies above, we selected the scenarios that are publicly available and somewhat similar to the AMB (Ambitious)

scenario displayed in this study, but we note substantial differences in scenario design as well. Most of the aforementioned



studies investigated economy-wide decarbonization while in this study we limited ourselves to the power sector alone. This
means that, depending on the scenario inputs, assumptions, and methodology, other studies show significant increases in
electricity demand due to electrification of e.g. road transport. In this study, electricity demand is affected by electricity
prices and sectoral output. Impacts on the latter only occur through indirect effects of the scenario inputs. The selected
scenarios of the selected studies are displayed in Table 1.

In contrast, in a study performed by the ASEAN Centre for Energy (ACE) and Gesellschaft fiir Internationale
Zusammenarbeit (GIZ) (2022) the LEAP model was used to simulate the decarbonization pathway for AMS up to 2050. The
simulation results indicate that the total investment required for decarbonization from 2021 to 2050 amounts to $726 billion
under the APS, with 77% of this investment directed towards renewable energy.

Furthermore, analyses focusing on the power sector using the E3ME model, which is also utilized in this study, include

Table 1 Overview and description of the selected scenarios of selected studies for comparison

Source Scenario Model Brief description
Kimura et CN2050/2060 (Carbon neutral by 2050 or | IEEJ-NE “CN2050/2060 reflects nationally declared carbon-neutral
al. (2022) 2060, depending on national pledges) target years and considers natural carbon sinks in Indonesia,

Malaysia, Myanmar, Thailand and Viet Nam based on
discussions with each country.”

1IEE] (2022) Advanced Technology Scenario IEEJ-NE “In the Advanced Technologies Scenario, measures to
maximize the reduction of carbon dioxide (CO,) emissions and
to ensure energy security will be enhanced with consideration
given to their application opportunities and acceptability to
society. Each country and region will actively implement
aggressive energy efficiency and decarbonization policies
that contribute to securing a stable energy supply, enhancing
climate change measures, and accelerating the development
and introduction of innovative technologies globally.”

Phoumin et | APS (Alternative policy scenario) LEAP “The APS refers to Alternative Policy Scenario and
al. (2021) assumes that states will increase more efficient final energy
consumption, more efficient power generation, a higher share
of renewables, and the introduction of nuclear power plants,
based on each AMS government policy. The assumptions used
in the APS are described in the table below.”

IEA (2022b) | SDS (Sustainable development scenario) GEC “In the SDS, CO, emissions drop to zero around 2070 and
there are rapid reductions in non-CO, emissions. The 1.5C
level is exceeded in the early 2030s and the rise in temperature
peaks at just under 1.7C around 2050. The SDS is in line with
the Paris Agreement objective of ‘holding the increase in the

’»

global average temperature to well below 2°C".

IRENA and TES (Transforming Energy Scenario) REmap and | “The TES describes an energy pathway based largely on
ACE (2022) PLEXOS currently available and competitive low and zero carbon
technologies. It is characterized largely by renewable energy
expansion and energy efficiency.”

1.5-S 90% (consistent with achieving 1.5C “The 1.5-S is a more ambitious energy pathway, and outlines
global warming, with a 90% uptake of options to further reduce CO, emissions in the energy system
renewables in the power sector by 2050) in challenging sectors. It largely follows the WETO scenario

aiming to reach net-zero emissions globally by 2050.”
1.5-S 100% (consistent with achieving 1.5C

global warming, with a 100% uptake of
renewables in the power sector by 2050)

Source: Author’s summary
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those by Pollitt (2020) and Lee et al. (2022). Pollitt (2020) predicts that if China achieves carbon neutrality, cumulative CO,
emissions will decrease by approximately 215 Gt, and China’s GDP will increase by about 5% over the next decade. This
is attributed to increased investments in the power sector, technological advancements related to coal phase-out, and the
promotion of fuel substitution. Lee et al. (2022) estimate the macroeconomic impacts of Japan achieving carbon neutrality
by 2050 and how Japan’s energy mix will change. The results indicate that, assuming the decommissioning of nuclear power
plants by 2040, about 90% of the energy mix in 2050 will consist of renewable energy. GDP is projected to increase by 4.0—
4.5% compared to the baseline scenario, and employment is expected to increase by 1.5-2.0%, demonstrating the potential for

simultaneous achievement of decarbonization and economic growth.

1.3 Purpose of this study

In this study, we will investigate announced policies using the Nationally Determined Contribution (NDC) documents
(UNFCCC, 2024) and policy documents specific to the respective domestic power sectors (ACE, 2023). Using the ESME-FTT
model, we can enter the interpretation of the announced policies to investigate the impact on technology uptake, emissions,
and macro-economic consequences. E3ME-FTT is a simulation model, which can yield substantially different results when
compared to optimization models (Mercure et al., 2019). Simulation models have so far rarely been used to investigate
decarbonization of the power sector in the ASEAN context, however, as mentioned in the previous section, various studies
have been conducted using optimization models (e.g. (Phoumin et al., 2021; Kimura et al., 2022; Matsumoto and Phoumin,
2022; IEE], 2022)). Finally, Barbrook-Johnson et al. (2024) argue that energy models built on optimization and cost-benefit
analysis, while useful, are not suitable for policy appraisal and they suggest a shift away from such models for policy appraisal
purposes.

The E3SME-FTT model will be used to investigate whether the policies mentioned in NDC documents are sufficient to
meet the renewable energy targets. In addition, we will expose the ASEAN power systems to a more stringent set of policies
to investigate what the decarbonization potential is and how much investment is required to achieve such decarbonization.
Though, the aim is not to seek economy-wide decarbonization. This study focusses on quantitative impacts on technology
diffusion, CO, emissions, and upfront investment costs in the power sector, while also showing macroeconomic impacts. The

main questions this study seeks to answer are:

¢ Are the NDC policies sufficient to achieve renewable energy and emission targets in the power sector?
e What are the economic impacts of an isolated transition in the ASEAN power sectors?

e What level of investments are required to achieve Net-Zero in the ASEAN power sectors?

2. Analysis Method

2.1 Brief description of E3ME-FTT

Here, we use the E3ME-FTT model to explore the impacts of various policy packages on the ASEAN economies. The
E3ME-FTT framework combines macro-econometrics based on the post-Keynesian school of thought (E3ME) with
technology diffusion models based on evolutionary economics theory (FTT). For a more detailed description of the
econometric equations and the economic accounting framework within E3ME, we refer to the E3ME model manual
(Cambridge Econometrics, 2022). In brief, E3ME is grounded in empirically derived relationships between macroeconomic
indicators, based on long time series data. The model covers the whole globe divided into 71 regions and 70/43 sectors in
European/non-European regions.

It utilizes a system of econometric equations to track economic activity undertaken by persons, households, firms and



other groups in society, and how it affects other agents. Through the economic structure, E3ME includes various feedback
loops affecting effective demand: Interaction between sectors; an income loop; an investment loop; and a trade loop. This is

illustrated in Figure 1.

G _ ol )
& N #

Figure 1 lllustration of the economic structure as represented in E3ME
Source: Cambridge Econometrics

E3ME-FTT differs from most other macro-economic modelling (or Integrated Assessment Models (AIMs)) frameworks.
Mercure, et al. (Mercure et al., 2019) reviewed the various economic and energy/technology modelling approaches and
described why different approaches can lead due to the simulation approach, rather than applying optimization routines and
restrictive assumptions as found in many other macro-economic models. Most other models start from the premise that
economies operate in equilibrium, that prices and wages adjust to clear markets, and assume a fixed supply of money. In
the E3BME-FTT framework, none of the aforementioned assumptions are included. Instead, under-utilized capacity can be
activated through policy, prices and wages can be sticky, and money is created through lending.

The world is divided into 71 regions of which major economies and EU member states are represented individually. The
ASEAN community of nations is subdivided into 3 regions; Indonesia and Malaysia are represented individually, while all
other AMS are represented as a single aggregate region. The time horizon for this study runs from 2020 to 2050. Finally,
FTT: Power includes 24 different power generation technologies. However, the model does not include hydrogen mixing as
an option by default due to a lack of a hydrogen supply module.

We use EBME-FTT because it directly matches our aims: E3ME quantifies economy-wide impacts of NDC policy
packages (via demand, investment and trade feedbacks), while FTT: Power simulates policy-driven decarbonization of the
electricity mix through technology diffusion and competition. Their integration allows us to link power-sector transitions to

macroeconomic outcomes for ASEAN over 2020-2050 in a consistent framework.

2.2 Theoretical background of FTT: Power

FTT: Power is coupled bidirectionally with the macro-econometric model E3ME. E3ME endogenously determines
electricity demand as the broader economy evolves—for example through changes in prices and sectoral activity—while
FTT: Power determines the technological configuration of electricity supply consistent with that demand. The supply module
represents technology diffusion as a path-dependent process: today’s fleet composition influences tomorrow’s choices, costs
respond to the economic environment (notably energy and carbon prices), and learning-by-doing reduces costs as cumulative
capacity grows, including spillovers across related technologies. The initial formulation of the FTT family is described in
Mercure (2012), with a concise overview of recent developments in Nijsse et al. (2023), and the mathematical justification for

the Lotka-Volterra diffusion framework provided in Mercure (2015).
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Investment decisions are based on levelised cost of electricity (LCOE), which aggregates all relevant lifetime costs—
upfront investment, operations and maintenance, fuel, and carbon costs—discounted over time. In FTT: Power these cost
components are represented as distributions rather than single point values, allowing uncertainty to propagate into LCOE
estimates. Policies act directly on these components: investment subsidies lower initial outlays; carbon prices increase
running costs for carbon-intensive technologies; and movements in fuel and electricity prices alter operational economics. As
deployment expands, cumulative capacity updates the model’s learning relationships, so that future cost projections embody
learning-by-doing and associated technology spillovers.

Pairwise comparisons of technology-specific LCOE then translate into probabilistic investor preferences via a binary-
logit representation. Larger, more certain cost advantages yield stronger preferences; small or uncertain advantages yield
weaker ones. These preferences feed a Lotka-Volterra-type substitution mechanism that shifts market shares gradually
over time. Substitution depends on retirements of incumbent plant (age-based survival), feasible build rates and lead times
of alternatives, and the degree of incumbency—capturing bottlenecks when new technologies and their supply chains are
not yet fully established. In this way, market shares evolve incrementally rather than jumping discontinuously, reflecting
observed frictions in technology transitions (Mercure, 2015).

System operation and variability are handled using a residual load-duration curve (RLDC) framework parameterized
following Ueckerdt et al. (2017). This provides, for a given technology mix, indicative levels of curtailment of variable
renewables, requirements for short- and long-term storage, and achievable load factors for dispatchable technologies. The
dispatch process itself is mimicked as a matching problem between technologies and load bands. Technologies “bid” for
suitable load ranges according to their marginal costs and technical suitability (e.g., base-load versus peak), while load bands
“accept” bids depending on how full they already are, prioritizing system reliability rather than pure cost minimization. An
iterative matching routine inspired by the Gale-Shapley algorithm (Gale and Shapley, 1962) allocates remaining capacity to
unfilled load bands until the stack is satisfied.

In summary, E3ME determines how much electricity is demanded, while FTT: Power determines with which technologies
it is supplied over time. Costs respond to policy and learning; investors choose probabilistically under uncertainty; fleets
turn over gradually subject to retirements and build constraints; and operational feasibility is respected through RLDC-based
flexibility and a reliability-oriented dispatch heuristic. Figure 2 summarizes the resulting flow of information within FTT:

Power.

additions

> Employmant

——» imvestment

'l doing

Figure 2 lllustration of the flow of information inside FTT: Power
Source: University of Exeter and Cambridge Econometrics



3. Scenario Design

In this study we seek to expose the ASEAN power sectors to various policy environments in order to investigate the impact
of such policies on renewable technology diffusion. The reference scenario (REF) is calibrated to the reference scenario in
the IEE]J 2023 Outlook (IEEJ, 2022). Calibration applies to macro-economic indicators and energy consumption projections.
In the REF scenario, FTT: Power is not used to determine technology diffusion endogenously; instead it is fed to the model

exogenously while keeping the accounting part enabled. We also investigate a scenario where FTT: Power simulates

Table 2 Overview of scenarios considered in this study

Scenario Abbr. Region Policy context

Fully calibrated to the IEE]J 2023 Outlook (macro-economic variables and power sector configuration).

Ref REF | Al
clerence No further policies included.

Current Only macro-economic indicators are calibrated to the IEE]J 2023 Outlook.

technology CTT | Al Nuclear power is based on IEE] 2023 Outlook and entered as an exogenous input, where applicable.
trajectory No further policies included.

scenario

Includes policies based on NDC and domestic power sector policy documents.

Implementation of a domestic ETS (see Figure 3).

. Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
Indonesia . . .
Feed-in-Tariffs on wind power and solar PV.

Charcoal co-firing in coal power plants (up to 20% on energy basis by 2030; constant after)

Follow the Indonesia Electricity Supply Business Plan (RUPTL) in the short-term (2021-2030)

Nationally Nuclear power is based on IEE]J 2023 Outlook and entered as an exogenous input.
determined NDC No ETS or carbon tax mentioned in NDC documents.

contribution Malaysia Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
scenario Feed-in-Tariffs on wind power and solar PV.

Follow the Malaysia Renewable Energy Roadmap (MREP) in the short-term (2021-2039)

Nuclear power is based on IEE] 2023 Outlook and entered as an exogenous input.

No ETS or carbon tax mentioned in NDC documents.

Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
Feed-in-Tariffs on wind power and solar PV.

Rest of
ASEAN

Follow an aggregate version of the various roadmaps provided by individual countries

Implementation of a domestic ETS (see Figure 3).

Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
Indonesia Feed-in-Tariffs on wind power and solar PV.

Phase-out regulations on new fossil-fuel power plant capacities from 2025 onwards.

Charcoal co-firing in coal power plants (up to 20% on energy basis by 2030; constant after)

Nuclear power is based on IEE] 2023 Outlook and entered as an exogenous input.

Implementation of a domestic ETS (see Figure 3).

AMB | Malaysia Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
Feed-in-Tariffs on wind power and solar PV.

Phase-out regulations on new fossil-fuel power plant capacities from 2025 onwards.

Ambitious
scenario

Nuclear power is based on IEE] 2023 Outlook and entered as an exogenous input.

Implementation of a domestic ETS (see Figure 3).

Subsidies on upfront investment for CCS applications (25%), wind power (50%), and solar PV (10%).
Feed-in-Tariffs on wind power and solar PV.

Rest of
ASEAN

Phase-out regulations on new fossil-fuel power plant capacities from 2025 onwards.

Source: Authors’ summary
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technology diffusion endogenously in order to compare to the REF scenario. This is called the current technology trajectory
(CTT) scenario. Comparing REF and CTT isolates the effect of endogenous technology diffusion on the evolution of the
power mix and related economic outcomes. In this paper, “technology diffusion” refers to changes over time in the uptake
of specific generation technologies (i.e., installed capacity and generation shares across coal, gas, oil, hydro, solar PV, wind,
biomass, geothermal, and other technologies represented in FTT: Power).

Then, we made interpretations of the policy options mentioned in the NDC documents and built a detailed policy package.
These scenarios also include capacity plans as published policy documents related to the power sector. Finally, a more
ambitious policy package is developed to test how far decarbonization can reach (abbreviated AMB). Table 2 provides an
overview.

All policies are exclusively applied to the power sector, with the exception of carbon prices, for which it would likely apply
wider. Figure 3 displays the carbon prices used in this study. Only Indonesia has explicitly announced to implement an
emission trading scheme and hence why it is the only country to apply an ETS in the NDC scenario. The more ambitious

scenario includes higher carbon price projections for each of the AMS.

160 Carbon price
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Figure 3 Exogenous carbon price projections (nominal)
included in the scenarios

Note: The projections for each of the countries in the AMB scenario
overlap. MY: AMB is overlapping with Rest of ASEAN: AMB,
and ID: AMB is overlapping with ID: NDC. MY refers to
Malaysia, and ID refers to Indonesia.

Source: Created by authors based on the E3ME model analysis

results

ACE (2023) reviewed each country’s power generation outlook and renewable energy targets. The targets abide by
various definitions: renewable energy share of total primary energy, total final energy, total installed capacity, or total
electricity generation. Given that the countries within the “Rest of ASEAN” group did not formulate RE targets along a
uniform metric, we cannot evaluate a weighted aggregate target. Indonesia has set its target in relation to the total capacity
addition over the period from 2021 and 2022. Malaysia and the whole of ASEAN have targets in relation to the total installed

capacity by a given year. This is summarized in Table 3.

Table 3 Renewable target pledges

Region Year RE target

Indonesia 2030 | 51.6% of capacity addition between 2021-2030

Malaysia 2025 | 31% of installed power capacity

2035 | 40% of installed power capacity

ASEAN 2030 | 35% of installed power capacity

Source: Authors



4. Analysis Results

4.1 Estimation of power generation technologies

According to the IEE] 2023 Outlook (REF scenario, see Figure 4), the ASEAN community of nations remains reliant on
fossil-fuels for its power generation. Without additional policy support, Indonesia and Malaysia rely on domestic supply of
coal and natural gas respectively. The share of renewables in the generation profile across all AMS hover between 23-27%
over the whole time period. Under the current technology trajectory (CTT) scenario, similar diffusion trends are noted.
Like the REF scenario, a 29% generation share is attributed to renewables in 2030. However, towards the end of the timeline
(around 2040) uptake of renewables starts to take off, indicating the existence of a positive tipping point. By 2050, this yields
a 40% share of renewables in the generation profile. In both the REF and CTT scenarios, Malaysia remains behind with a
renewable share of 18% and 11% by 2030 and a 19% and 22% share by 2050 respectively. Indonesia also performs slightly
worse than the ASEAN average, with a renewable share of 23% and 21% by 2030 and a 27% and 26% share by 2050 in the REF

and CTT scenarios respectively.

Technologies
o | W= Other
S s Geothermal
S3 Solar PV
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B Onshore Wind
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Figure 4 Generation by technology in PWh. Shown individually for Indonesia and Malaysia
and for ASEAN as a whole
Note: In REF, Gas and Coal remain dominant, while in AMB, Solar PV and Hydropower expand
significantly. These results do not explicitly show the impact of charcoal blending in coal power
plants.
Source: Created by authors based on the E3ME model analysis results

Policies in the NDC and AMB scenarios can bring the tipping point forward in time. The NDC scenario indeed shows
increased uptake of solar PV in all regions, biobased technologies in Indonesia and the Rest of ASEAN, and wind power in the
Rest of ASEAN. The stronger renewable uptake in the NDC scenario is mainly driven by the combined effect of (i) carbon
pricing/ETS-type measures that penalise fossil generation and shift investment and dispatch toward low-carbon options, and
(ii) renewable support such as feed-in tariffs (FITSs) that improve project economics—especially for solar PV, resulting in
higher PV broadly, more bio-based generation in Indonesia and the Rest of ASEAN, and stronger wind uptake in the Rest of
ASEAN. This results in a renewable generation share of 33% (including charcoal co-firing; not shown in Figure 4) by 2030,
and a share of 85% by 2050 across all AMS. Indonesia is outperforming over other AMS in the NDC scenario (39% renewable
share by 2030 and 93% renewable share by 2050), whilst Malaysia remains behind (24% by 2030 and 79% by 2050). This can

be attributed to some degree to the Malaysia Renewable Energy Roadmap, which describes a continued reliance on coal
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power.

Under the AMB scenario, the short- to medium-term outlook as presented in the power sector roadmap documents is
forfeited. Gas-based power can therefore be phased out at a greater rate in Malaysia. The phase-out regulations on new
capacity additions of fossil-fueled power plants also help to create space for renewable technologies to diffuse into, which is
evident across the whole ASEAN. Renewable generation shares increase from 54% in 2030 to 92% in 2050.

Furthermore, it is noteworthy to state that Malaysia sees some uptake of offshore wind power despite the country’s
limited access to offshore areas with high wind speeds. In E3ME-FTT, offshore wind is represented at the national level and
the model does not resolve detailed geographic siting constraints. The offshore wind uptake in Malaysia should therefore
be read as an indicative substitution when solar PV approaches its technical limit and fossil additions are constrained in the
NDC/AMB scenarios. If real-world site constraints are binding, offshore wind would be lower and the modelled generation
would be met by other low-carbon options instead.

Both the NDC and AMB scenarios show substantial changes to the total electricity generated compared to the REF
scenario. This is driven by two parts: responses in electricity demand, and additional generation needs due to storage losses
(when conventional storage is insufficient) and curtailment. Indonesia shows an overall decrease in both the NDC and AMB
scenarios, a carbon price is implemented in Indonesia which increases energy prices depending on their emission intensity.
The dominant response is to lower energy demand rather than energy substitution. This will be discussed in more detail in
section 4.5. Malaysia, and ASEAN overall show increased generation levels due to storage losses and curtailment.

Table 4 displays the RE targets and the outcome in each of the scenarios. In the REF and CTT scenarios, none of the
RE targets are met as the power systems remain to be dominated by fossil-fueled technologies. However, all targets are met
under the NDC and AMB scenarios, with the exception of the 2025 target in Malaysia. The 2025 target is missed because
there is simply not enough time for the policies to adequately change investment decisions. Between the NDC and AMB

scenarios, the latter typically overshoots the target by some margin (at least 5% greater than the target).

Table 4 Overview of renewable generation targets and the renewable energy levels attained in the respective scenarios

RE% achieved
Region Year RE target
REF CTT NDC AMB
Indonesia 2030 | 51.60% of capacity addition between 2021-2030 35.4% 29.1% 56.5% 63.5%
Malaysia 2025 | 31% of installed power capacity 20.6% 21.4% 22.5% 24.4%
2035 | 40% of installed power capacity 20.3% 21.1% 42.8% 47.7%
ASEAN 2030 | 35% of installed power capacity 26.9% 30.1% 45.8% 57.4%

Source: Created by authors based on the E3ME model analysis results

4.2 Estimation of primary energy demand in power sector

Primary energy demand for electricity generation responds to the diffusion of technologies (see Figure 5). A continued
reliance on fossil-fuels is noted in the REF and CTT scenarios. Using primary energy conversion factors in accordance with
the IEA, the share of renewable primary energy demand follows an increasing trend in line with uptake of e.g. solar PV and
wind power, however, the shares are smaller than in the generation profile due to the primary energy conversion factors. For
example, using coal to generate electricity converts only 33% of the primary energy potential to electricity.

In the NDC and AMB scenarios a strong shift to renewables in the primary energy demand profile is noted. Total primary
energy demand in Indonesia is reduced by a third and by a half by 2050 in the respective scenarios, while the remainder

primary energy demand is predominantly biomass. Malaysia still relies to a moderate degree on fossil-fuels, however, a large
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portion feeds into fossil-fueled power plants with CCS applications.

4.3 Estimation of CO, emissions in power sector

Direct CO, emissions in the REF and CTT scenarios continue to rise sharply in line with increased electricity demand and
continued dominance of fossil-fueled power plants (see Figure 6). The endogenous FTT scenario (CTT) displays a slightly
greater reliance on coal power and therefore shows higher emissions compared to the REF in 2030. However, by 2050, the

push towards renewables starts to take off everywhere except in Indonesia. This leads to 25.6% lower emissions between the

two scenarios. See Figure 6 and Table 5.
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Table 5 Direct CO, emissions in scenario in 2030 and 2050 relative to the REF scenario in the same year.

CTT NDC AMB CIT NDC AMB
Direct CO, emission difference to REF (%)
2030 2050
Indonesia +4.6 -29.5 —482 +2.9 =95 -103.2
Malaysia +7.8 -22.5 -30.6 -49 -76.9 -94.2
All of ASEAN +6.2 -19.3 -39 -25.6 -89 -97.8

Source: Created by authors based on the E3ME model analysis results

The uptake of renewables is pushed forwards via policies in the NDC and AMB scenarios. Additional uptake of renewable
technologies replaces fossil-fuels and therefore also affect direct CO, emissions. By 2030, the NDC policies reduce emissions
by 19.3% across all of ASEAN compared to the REF scenario. Emissions are reduced by 39% in the AMB scenario. Indonesia
shows the greatest decline in emissions (95% and 103.2% reduction in the NDC and AMB scenarios resp. compared to the
REF scenario in 2050) as it has sufficient potential for renewable alternatives. Malaysia has less potential for biobased
energy sources and wind power and therefore needs to rely more on CCS applications to reduce emissions (76.9% and 94.2%
reduction in the NDC and AMB scenarios resp compared to the REF scenario in 2050). The combined emission reduction

across all ASEAN power sectors by 2050 is 89% in the NDC scenario and 97.8% in the AMB scenario.

4.4 Estimation of upfront investment requirements

Expanding power generation capacity requires investments, which is displayed in Figure 7. The investment portfolio
in the REF and CTT scenarios remains focused on thermal power generation, more so in the latter scenario than the
former. Nuclear power investments occur in Malaysia, and in the Rest of ASEAN group (Thailand and Viet Nam), which
follows IEE] projections across all scenarios (IEEJ, 2022). Overall, both scenarios show a lot of overlap. The portfolios
start to diverge heavily in the NDC and AMB scenarios as investment decisions start to gravitate towards various forms of
renewables. Renewables are typically more CAPEX heavy rather than OPEX heavy, increasing the investment needs. By

2050, investments into unabated fossil-fueled power plants in the AMB scenarios are practically removed.
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Figure 7 Upfront investment requirements by technology in billion 2010 Euro. Shown
individually for Indonesia and Malaysia and for ASEAN as a whole.

Note: In AMB, the shares of solar PV, onshore wind, offshore wind, and hydropower are relatively large.

Source: Created by authors based on the E3ME model analysis results



Overall, decarbonizing the ASEAN power sector would require substantial investments between 2025 and 2050 (see
Table 6). The NDC and AMB scenarios require a cumulative investment of 1388 and 1458 billion 2010 Euro. This is mostly
driven by investments in additional renewable technologies. This is 70% and 79% higher than the investment needs in the
REF scenario, which sits at 815 billion 2010 Euro. In the CTT scenario, we find that the ASEAN region requires 680 billion
2010 Euro investment for the same period to maintain current diffusion trajectories. The difference is largely due to lower
geothermal and wind uptake (both capital intensive technologies) relative to the REF scenario. In relative terms, Malaysia

sees the largest increase; investment more than double in the AMB scenario compared to the REF scenario.

Table 6 Total cumulative investment needs in power generation technologies between 2025 and 2050.

Cumulative investment in billion (2010 price of Euro) REF CTT NDC AMB
Indonesia 319 282 559 577
Malaysia 78 72 136 176
All of ASEAN 815 680 1388 1458

Source: Created by authors based on the E3ME model analysis results

4.5 Estimation of electricity prices

Up to 2040, electricity prices in the CTT scenario move approximately in line with the REF scenario in Indonesia and
Malaysia (see Figure 8). Only towards the end of the time horizon deviations are observed. Malaysia and the Rest of
ASEAN see a decline in electricity prices due to additional uptake of cheap solar PV (and wind power in the case of Rest
of ASEAN). Indonesia sees an increase in electricity prices due to a slightly increased reliance on bio-based technologies
compared to the REF scenario, which do not benefit from the same level of learning potential as other renewable alternatives.
In addition, bio-based technologies suffer a slight efficiency penalty relative to fossil-fuel alternatives. Across all AMS,

electricity prices decline towards the end of the time horizon.
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Source: Created by authors based on the E3ME model analysis results
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The NDC scenario equally shows varied impacts across the countries. Initially, electricity prices in Indonesia decrease to
a minimum around 2030, followed by an increase which peaks around 2042. By 2050, electricity prices come down to levels
slightly above the REF scenario. This behavior can be attributed to the relative contribution of more expensive bio-based
energy technologies versus cheap solar PV. Malaysia sees a gradual reduction of electricity prices over the whole timeline,
which reaches a limit as solar PV uptake encroaches on its potential deployment. Overall, across all AMS, electricity prices
were simulated to decline considerably. This effect is reinforced in the AMB scenario. The largest driver is increased uptake
of solar PV in Indonesia. Malaysia sees slightly higher electricity prices in the AMB scenario due to a greater reliance on
CCS applications and wind power to further reduce emissions. The limited wind energy potential is represented by quickly
declining capacity factors (Mercure and Salas, 2013), which negatively impacts the electricity price.

Electricity prices in E3SME-FTT reflect the evolving generation mix simulated with FTT: Power (24 generation
technologies) and are shaped by scenario-specific policies together with common techno-economic constraints, including
technology-specific deployment limits (e.g., solar PV saturation) and resource-related capacity-factor assumptions (e.g.,
declining wind capacity factors at higher penetration). Across scenarios, the technology set and constraint structure are held
constant; the main differences are whether the power mix is imposed exogenously (REF) or evolves endogenously through
diffusion and policy incentives (CTT, NDC, AMB). The price trajectories below should therefore be interpreted as changes in
the marginal mix—most notably increased low-cost solar PV versus greater reliance on higher-cost options such as bio-based

generation and CCS—under these stated assumptions.

4.6 Estimation of macroeconomic impacts

Macro-economic effects of the policy scenarios have many facets to them. Invoking a transition in the power sector
through policies leads to additional investments as shown in section 4.4, which propagate through the economic channels
within the system of national accounts in the ASEAN economies. Additional investments can lead to additional job creation
and can, through increased disposable income, lead to increased consumer spending. However, consumer spending is

also affected by price levels. In turn, price levels are affected by electricity price developments which also invokes changes

CTT NDC AMB
GDP &

o 1 1 _ 1 1l components
E’?:E‘;' . .,;-_‘," o ‘..l l B Net trade
c5 ! i g & =8 . Consumer
0.5 5 _uh'c'.,t'l 3 agh $oagn® ke | ;
82§ 0 el i 'Ji Fans- ‘l‘ Ill*‘ B cpending
£ e, Investment

T T T T T T T T : iR GDP

«=»+ Employment

Malaysia
% diff.
from REF
o

T A

ity 1 1 ] S NS
q:tﬂ: ., o '
WS e S EN d i

J .. B Er dagvmreat’
-{&g 0 '-i,,::.‘_'-'_'_:.:' 1: [.-r- res 2N

£
T T L} T T T L} T T
FIFIFFFT TS STE
L R A A s o A
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to other industry prices depending on the degree of each sector’s electrification. Carbon prices can lead to an increase in
industrial prices depending on each sector’s emission intensity and ETS coverage.

The net GDP impacts, and the contribution of its components are illustrated in Figure 9. In line with expectations,
the CTT scenario does not show large deviations from the REF scenario. However, impacts become more diverse when
considering the NDC scenario. In each region an increase in investment is noted, positively contributing to GDP. However,
fossil-fuel producing countries such as Indonesia and Malaysia are negatively impacted due to decreased position of their
net trade balance. As an aggregate country group, the Rest of ASEAN is a mix of countries which on average are reliant on
energy imports and therefore stand to gain from a transition in the power sector, hence why overall ASEAN results on net
trade towards the end of the time horizon are positive while negative impacts in Indonesia and Malaysia dominate initially.

Jobs related to the fossil-fuel industry are also negatively impacted by a transition which is visible in Indonesia and
Malaysia in both the NDC and AMB scenarios. Indonesia in the AMB scenario also shows the impact of reduced electricity
prices on job creation and consumer spending, especially when compared to the NDC scenario, where Indonesia is exposed
to higher electricity prices by 2050.

Overall and across all AMS, GDP impacts are positive by 2050, but some negative impacts may occur in the initial phase of

the transition. Malaysia is the main exception as positive effects are almost completely negated by negative effects.

5. Conclusion

Here, we simulate multiple scenarios of ASEAN power-sector decarbonization and their economic consequences using
the E3SME-FTT model. If the REF scenario—aligned with IEE]J (2022) projections—materializes, grid emission intensity in
ASEAN will not decline, hindering decarbonization via electrification. In the CTT scenario, reliance on fossil-fuels remains
similar to REF; however, signs of a positive tipping point toward (variable) renewables emerge around 2040 in most ASEAN
countries. Policies can target such tipping points to accelerate technology uptake (e.g., solar PV) (Nijsse et al., 2023).

Indeed, the NDC and AMB scenarios show that policies advance the tipping point toward solar PV and other renewables
across all AMS. In both scenarios, RE targets beyond 2025 are achieved; in fact, the AMB scenario over-achieves. Malaysia is
the only country missing its 2025 target, reflecting the short window for policies to affect investment decisions and continued
short-term reliance on coal. With additional renewables, power-sector emissions fall by 89.0% in NDC vs. REF in 2050 and by
97.8% in AMB.

We find that large-scale transitions in NDC and AMB are feasible and can yield positive GDP effects overall, though
regional differences exist. Gains are driven mainly by investment stimuli in low-carbon technologies and along their value
chains, typically creating jobs; these gains can be offset by lower export volumes and inflationary effects. In both scenarios,
Malaysia and Indonesia lose trade volumes, predominantly linked to fossil-fuel trade.

The required investment stimulus for large-scale decarbonization is substantial. Achieving it could require €1,458 billion
(2010 prices) between 2025 and 2050—an additional €643 billion relative to REF. This estimate excludes storage investments
(which are represented in the model) and grid reinforcement (not represented); needs would rise with further end-use
electrification.

The investment numbers indicate the scale of capital required for the power transition. E3ME-FTT estimates
macroeconomic impacts assuming this investment can be mobilised; it does not model country-specific fiscal and financial
constraints. In practice, implementation requires credible financing and risk-reduction mechanisms (e.g., stable auctions/
PPAs (Power Purchase Agreement), concessional or blended finance, guarantees, and public funding for grids and other
enabling infrastructure).

Models have limits. FTT: Power excludes hydrogen-based technologies and co-firing of hydrogen/ammonia (biomass
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co-firing is included), largely because the E3ME model lacks a hydrogen supply module. Hence, hydrogen/ammonia-
consuming technologies are outside scope. Moreover, E3ME-FTT does not model each AMS individually. Although
Indonesia and Malaysia account for roughly half of electricity generation, aggregation error remains possible.

Comparing Indonesia’s GDP impacts in NDC vs. AMB highlights the importance of electricity prices. In FTT: Power,
prices are a generation-share-weighted average of LCOE. While LCOE for variable renewables includes curtailment and
storage costs, grid infrastructure costs—potentially material in these scenarios—are not included. For example, in AMB
we diverge from the Malaysia Renewable Energy Roadmap’s limited plant-deployment outlook; the roadmap’s emphasis on
reliable supply in remote areas would entail significant grid-strengthening investments. FTT: Power is also constrained by
the RLDC framework, which uses coarse geographic regions that effectively assume a “copper-plate” system (i.e., free power
flows).

Unlike many macroeconomic models, E3ME does not adopt the loanable-funds approach (Pollitt and Mercure, 2018).
Credit creation via lending is possible in both the model and reality (Mcleay et al., 2014), yet the model remains agnostic
about the financial consequences of stimulus and technology decisions. Access to finance is approximated via interest rates,
which influence choices depending on the ratio of upfront capital to operating costs. In the ASEAN context, finance access is

a known constraint (ASEAN Secretariat, 2015). Future work will improve this aspect of the FTT framework.
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Abstract

Recycled aggregate concrete (RAC) is an effective use of concrete waste, but its performance is often inferior to that of normal concrete,
which limits its applicability. The performance of RAC can be improved through supplementary cementitious materials (SCMs); however,
introducing SCMs complicates the concrete manufacturing process at plants that lack adequate storage resources. Therefore, this study
investigated the feasibility of improving the performance of RAC by utilizing established cements that already contain SCMs, such as fly ash
and ground granulated blast-furnace slag. RAC samples were produced using different classes of recycled coarse aggregate (Class M and
Class L) and four types of cement (ordinary portland cement, portland fly ash cement Type B, portland blast-furnace slag cement Type B, and
ecocement) to evaluate the combinations and recycled aggregate replacement ratios that resulted in improved performance. The aim of this
study was to develop a simplified manufacturing method that promotes the use of recycled aggregates and environmentally friendly cements
to realize a high-performance and low-carbon concrete with both excellent resource recyclability and economic efficiency.

Keywords : recycled aggregate concrete; recycled coarse aggregate; supplementary cementitious materials; mix proportion; concrete
performance

1. Introduction

In October 2020, the Japanese government announced its objective of achieving carbon neutrality by 2050 and reducing
greenhouse gas emissions to zero [1]. The manufacturing industry accounts for 35% of CO, emissions in Japan of which
ceramics and mineral products comprise 17.4%, and the cement industry has the largest share. CO, emissions are inevitably
generated during the cement manufacturing process, which involves the calcination of limestone (CaCQ5) via decarboxylation
(CaCO,; — CaO + CO,). To reach the high temperatures of 1450°C required for the calcination process, fossil fuels such as
coal are widely used, which further contribute to CO, emissions [2].

Table 1 presents the CO, emission intensities of various types of cement along with life cycle inventory (LCI) data [3]
published annually by the Japan Cement Association. The production of 1 ton of ordinary portland cement (N) produces
more than 700 kg of CO,. The amount of CO, emissions can be reduced by blending cement with supplementary
cementitious materials (SCMs) such as fly ash (FA) or ground granulated blast-furnace slag (GGBFS) that also possess
cementitious properties. The most versatile blended cements are portland fly ash cement Type B (FB), which contains
>10 and <20 mass% FA, and portland blast-furnace slag cement Type B (BB), which contains >30 and <60 mass% GGBFS.
Meanwhile, ecocement (E) mainly comprises ash from the incineration of municipal solid waste and sewage sludge and was
first produced in Ichihara City, Chiba Prefecture in 2001 after which it was standardized by the Japanese Industrial Standards
(JIS) in July 2002. Although the applications of E are limited owing to its relatively high chloride ion content, each ton of E
produced recycles >500 kg of waste resources (reference: N = 480 kg, actual results for FY2023 [4]) [5].

19



20

LA >R —F>a I Vol. 4 No. 1

Table 1 CO, emission intensities and energy input of various types of cement

Cement type CO, emission intensity (kg-CO,/t) Energy input (GJ/t)
N (JIS R 5210) 741.3 [3] 3.40 [5]
FB (JISR 5213) 612.9 3] 3.02 [5]
BB (JISR 5211) 423.3 [3] 2.28 [5]
E (JISR5214) 803.0 [5] 6.40 [5]

Cement is primarily used in concrete, so an effective approach to reduce CO, emissions is to implement measures
targeting both concrete and cement as a single entity. Concrete is the second-most consumed material after water and is
fundamental to modern urban environments. About 4 billion tons of cement was produced globally in 2024 [6] compared with
about 131 million tons in 1950 [7].

Concrete is extremely durable and can last for hundreds of years. As old concrete structures are demolished, large
volumes of waste are generated that can also last for centuries. Billions of tons of waste concrete enter the construction
and demolition waste stream each year on a global scale, and the amount is still rapidly increasing because of continuous
urbanization and redevelopment activities in many countries. Even though available data exhibit substantial geographical
variation, it is estimated that 50%-90% of waste concrete is recycled as aggregates [8]. In Japan, the Ministry of Land,
Infrastructure, Transport and Tourism conducted a survey in fiscal year 2018 and reported that 74.4 million tons of
construction waste are produced annually, most of which is recycled in compliance with related laws and ordinances.
Concrete accounts for 36.9 million tons of the total construction waste. Although 99.3% of the concrete waste is recycled,
the most common use is as roadbed material or backfill [9]. However, the demand for roadbed material is not expected to
increase owing to the declining construction of new roads [9]. Thus, new uses for concrete waste are needed. Meanwhile,
concrete waste also contains harmful trace elements originating from cement such as hexavalent chromium and lead that
may leach into the environment when fine powder (diameter < 5 mm) is subjected to wetting [10]. Therefore, decreasing the
amount of fine powder during the recycling of concrete waste may help reduce the environmental risks of soil contamination.

The most promising alternative use of concrete waste is in recycled aggregate concrete (RAC) where the concrete waste
is recycled as aggregate for new concrete. In particular, recycled aggregate (RA) Class L can be manufactured using a
simplified method and offers excellent cost-effectiveness [11]. As shown in Figure 1, RA can also be used to adsorb CO, in
an aggregate yard via a forced carbonation method [12]. The effectiveness of the CO, adsorption increases with the amount
of original mortar and paste attached to the RA. The adsorbed CO, is then capsulated and fixed in RAC through standard
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Age of materials (days) at the time of CO; adsorption *2 JIS A 5023 Annex A

*1 JIS A 5022 Annex A

Fig. 1 CO, adsorption by RA (modified from [12])



concrete manufacturing methods. The potential wider adoption of RAC led to the establishment of the ISO 18985:2025
standard to regulate its use [13]. However, while the presence of the original mortar and cement paste in the RA is necessary
for CO, adsorption, it can also degrade the performance of the resulting RAC.

The authors previously demonstrated that FA and GGBFS can effectively improve the performance of RAC [14]. However,
increasing the number of SCMs can make it difficult for concrete plants without available storage silos to respond in a timely
and stable manner to various orders [15]. Therefore, rather than use SCMs directly, this study investigated whether the
performance of RAC could be improved by employing established cements that already contain these SCMs. Concrete
samples were produced using various types of RA and four different types of cement to determine how different combinations
and RA replacement ratios affect the performance.

The aim of this study was to develop a simplified manufacturing method that promotes the use of RA and environmentally
friendly cement to realize a high-performance and low-carbon concrete with excellent resource recyclability and economic

efficiency.

2. Current status of RAC in Japan

Table 2 presents the history of standards for RAC in Japan. JIS A 5021, JIS A 5022, and JIS A 5023 were established in
2005-2007 to regulate the performance of RAC [16]. In 2018, the Ministry of Land, Infrastructure, Transport and Tourism
investigated the usage and performance of RAC [9]. They found that RAC recycled 119000 tons of waste concrete, which
was approximately twice the amount recorded in 2012 (55000 tons) but remained small relative to the total amount of
concrete waste. The total amount of recycled concrete comprised 64000 tons of RAC Class H (to be used in structural and
nonstructural members [17]), 50000 tons of RAC Class M standard type (to be used in structural and nonstructural members
unaffected by drying shrinkage [17]) and frost-resistant type (to be used in structural and nonstructural members unaffected
by drying shrinkage and frost damage [17]), and 5000 tons of RAC Class L (for use in nonstructural members without
reinforcement [17]). The use of RAC Class M increased by 48000 tons compared with 2012. In 2018, JIS A 5022 was revised
based on recommendations from the Architectural Institute of Japan (AI]J) [18] to stipulate that RA class L can be mixed with
normal aggregate to produce RAC Class M [18]. In 2022, JASS 5 [19] was revised to include environmental considerations
(resource recycling, low carbon performance, and environmental safety) as performance requirements for reinforced

concrete, including the use of byproducts such as RA.

Table 2 History of standards for RAC in Japan

Year Main trends

2005 Establishment of JIS A 5021 (Recycled aggregate for concrete-class H)

2006 Establishment of JIS A 5023 (Recycled concrete using recycled aggregate class L)
2007 Establishment of JIS A 5022 (Recycled concrete using recycled aggregate class M)

2009 Revision of “Japanese Architectural Standard Specification JASS 5 Reinforced concrete work” (JASS 5) [16].
New provisions in Section 28 of JASS 5 “Recycled aggregate concrete.”

2011 Revision of JIS A 5021
2012 Revision of JIS A 5022 and JIS A 5023

2014 Publication of “Recommendation for mix design, production and construction practice of concrete with recycled concrete aggregate” [17]
by the Architectural Institute of Japan (AI]).

2018 Revision of JIS A 5021, JIS A 5022 (Recycled aggregate concrete-Class M) and JIS A 5023 (Recycled aggregate concrete-Class L).
Revision of JASS 5 in Section 28 “Recycled aggregate concrete” [18].

2022 Revision of JASS 5 [19].
2024 Revision of JIS A 5021, JIS A 5022 and JIS A 5023

21
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The RAC
classes are based on the quality of the coarse aggregate. Each RAC Class can be further divided into two types based on

Table 3 lists the RAC classes and types based on different combinations of coarse and fine aggregates [19].

whether the fine aggregate is normal (Type 1) or either partially or fully RA (Type 2). This study focused on RAC Class
M Type 1, in which the coarse aggregate is either fully recycled coarse aggregate (RG) Class M (RMG) or normal coarse
aggregate mixed with <50% RG Class L (RLG), and the fine aggregate is normal fine aggregate.

Figure 2 shows the actual shipments of RAC by class [20]. The total volume of RAC peaked at approximately 110000 m®
in 2006 but fell to 34000-52000 m®/year in 20192021, which is approximately 30%-50% of the total volume in 2006. Of the
cumulative total of 945636 m®, 39410 m® (4%) was RAC Class H, 478934 m® (51%) was RAC Class M, and 427493 m® (45%) was
RAC Class L. Even at its 2006 peak, RAC accounted for only 0.2% of the total amount of ready-mixed concrete shipped in 2024
(65963396 m®) [21]. Thus, the impact of the standard revisions listed in Table 2 on RAC shipment volumes remains unclear

present.

Table 3 RAC types and combinations of coarse and fine aggregates [19]

RAC

Coarse aggregate

Fine aggregate

RAC Class H Type 1

All or part of the coarse aggregate is RG-Class H (RHG)

Normal fine aggregate

RAC Class H Type 2

All or part of the coarse aggregate is RHG

Normal coarse aggregate

All or part of the fine aggregate is recycled fine
aggregate Class-H

RAC Class M Type 1"

All or part of the coarse aggregate is RG class M (RMG)

Part of the coarse aggregate is RG class L (RLG)
(replacement ratio of < 50%)

Normal fine aggregate

RAC Class M Type 2

All or part of the coarse aggregate is RMG

Part of the coarse aggregate is RLG (replacement ratio
of < 50%)

Normal coarse aggregate

All or part of the fine aggregate is recycled fine
aggregate class M (RMS)

Part of the fine aggregate is recycled fine aggregate
class L (RLS) (replacement ratio of < 30%)

All or part of the fine aggregate is RMS

Part of the fine aggregate is RLS (replacement ratio of <
30%)

All or part of the fine aggregate is RMS

Part of the fine aggregate is RLS (replacement ratio of <
50%)

*1 Standard products and freeze-resistant products are available.
*2 Satisfies the specifications of RA class L and impurity content of RA class M.
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Fig. 2 RAC shipments by type in Japan [20]



3. Materials and methods

3.1 Materials

Four types of cement were used: N, FB, BB, and E. Table 4 lists the main characteristics of these cements. For normal

fine aggregates, river sand (NS) was used. For normal coarse aggregates, hard sandstone (NG) and limestone (LG) were

used. Air-entraining and water-reducing admixture (high-performance type), and air-entraining admixture were used as

chemical admixtures.

Table 4 Main characteristics of cements

Item N'* FB™ BB E*
Density (g/cm’) 3.16 3.16 2.97 297 3.04 3.04 3.15
Blaine fineness (cm?/g) 3270 3320 3670 3670 3620 3770 4100
Water amount (%) 27.7 27.7 27.7 28.1 29.4 29.1 27.3
Set Start (hour—-min) 2-15 2-11 2-13 2-35 2-45 2-50 2-38
Finish (hour-min) 3-32 3-31 3-41 3-50 4-11 4-42 4-00
Stability Compaction method Good Good Good Good Good Good Good
. 3 days 30.9 32.9 27.3 27.7 22.1 22.8 29.8
f;;?ﬁfﬁ;swe strength 7 days 475 481 375 385 363 37.6 42.9
28 days 64.1 62.4 58.1 58.1 64.2 64.8 58.1
7 days 339 330 - - - -
Heat of hydration (J/g)
28 days 389 388 - - - -
MgO 1.46 1.41 1.04 1.04 341 3.53 1.55
SO, 2.18 2.23 1.86 1.92 2.10 2.08 3.31
Chemical composition (%)  Ignition loss 2.23 2.27 1.20 1.18 1.88 1.88 2.50
Total alkali 0.49 0.54 - - - - 0.57
Cl” 0.011 0.015 0.015 0.014 0.007 0.012 0.044
Chloride ion residual rate: a - - - - - - 0.24*
Admixture content (mass%) - - 15-17 15-17 40-45 40-45

*1 Average value *2 Maximum value

For recycled coarse aggregates, RLG,, RLG,, and RMG were produced with sizes of 20-5 mm. Table 5 presents an

overview of the RGs produced at three plants (A, B, and C). RLG, was produced using original concrete for which the

application and original aggregate type were unknown at Plant A. The original concrete was used to produce recycled

crushed stone with sizes of 40—0 mm, which was then crushed using a fixed-type jaw crusher and divided using a fixed-type

screen into RLG; and recycled fine aggregate. RLG, was produced using original concrete with unknown application and

aggregate type at Plant B. After the original concrete was pre-crushed to approximately the size of a human head, it was

further crushed using a fixed-type jaw crusher and divided using a fixed-type screen into RLG, and recycled fine aggregate.

RMG was produced at Plant C using original concrete from a hospital building, although the original aggregate type was

unknown. RMG was manufactured using the gravity concentration method [22].

Table 5 Overview of RGs

Original concrete
Type of recycled

Original Plant  Production method

Applicati aggregate
pplication aggregate ggreg;
Building Unknown RLG, A Recycled crushed stone: crushing and classifying
Unknown Unknown RLG, B Crus.h t.o head-size of concrete waste: crushing and
classifying
Hospital building Unknown RMG C Gravity concentration method [22]

23
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Table 6 presents the main characteristics of the aggregates. RLG; and RLG, exhibited water absorption values of 6.42%—
6.48%, fines content of 1.35%, and impurity content of 0.31 mass%, satisfying the requirements of JIS A 5023 Annex A. RMG
had an oven-dry density of 2.40 g/cm®, water absorption of 3.63%, fines content of 1.76%, and impurity content of 0.13 mass%,
satisfying the requirements of JIS A 5022 Annex A. The alkali—silica reactivity classifications were B (not tested) for RLG, and
RLG, and A (harmless) for RMG, as determined according to JIS A 1145 and JIS A 5021.

Table 6 Main characteristics of aggregates

Item Test method NS NG™* LG™ RLG, RLG, RMG
Density in oven-dry condition (g/cms3) JISA 1109 2.55-2.59 2.54-2.68 2.69 2.30 2.21 2.40
Water absorption (%) JISA 1110 1.57-1.72 0.43-1.48 0.41 6.42 6.48 3.63
Fineness modulus (FM) JISA 1102 2.50-2.57 6.65-6.87 6.77 6.77 6.54 6.92
Content of materials finer than 75- u m sieve (%) JISA 1103 3.2-3.5 1.3 0.3 1.4 1.6 1.8
Solid content in aggregate (%) JISA 1104 63.7-64.8 58.7-64.2 61.5 60.1 60.2 63.6
Solid content of particle shape classification (%) JIS A 5005 - 56.1-58.4 61.2 59.8 - 61.8
. JIS A 5002 - - - 0.030 - 0.002
Chloride content (%)
JIS A 5023 - - - - 0.020 -
o e JISA 1145 - - - - - A®
Alkali—silica reactivity 5 5
JIS A 5021 - - - B B -

A 0.16 1.17 0.03

B 0.09 0.08 0.05

C 0.02 0.05 0
Amount of contained impurities (mass%) IIE) ﬁ: 2 28;2 - - - g 2 2.02

F 0.04 0.02 0

G 0 0.01 0.03

Total 0.31 1.33 0.13

*1: Sand from Ibi river. *2: Crushed hard sandstone from Kasugai. *3: Crushed limestone from Fujiwara. *4: Classification according to alkali—silica
reactivity, as specified in JIS A 5308 Annex A. *5: Classified as “A” because it was determined to be harmless based on the alkali-silica reactivity test
(JIS A 1145). *6: Classified as “B” because the samples were not subjected to the alkali-silica reactivity test.

3.2 Mix proportions

Table 7 lists the mix proportions of the 41 concrete samples prepared using the different types of cement, normal coarse
aggregate, and recycled coarse aggregate. In addition, three water—binder ratios (W/B) were considered (i.e., 45%, 55%,
and 65%) along with three replacement ratios for the recycled coarse aggregate (i.e., 0%, 50%, and 100%). These replacement
ratios were selected based on JASS 5, which specifies an upper limit of 50% for RLG when used in structural members
[19], whereas a replacement ratio of 100% is assumed for RMG in structural applications. However, concrete using LG was
tested with recycled aggregate replacement ratios of 0% and 50%, and W/B of 45%, 55%, and 65% to evaluate the influence of
different kinds of normal coarse aggregates with RAC. Concrete using BB cement was tested with RG replacement ratios
of 0%, 50%, and 100% and only W/B of 55% to assess the effects of the cement and replacement ratio. Because E exhibits
properties similar to N, concrete using E had RG replacement ratios of 0% and 50% with W/B of 55% only. The mix proportion
for RAC involved replacing only the recycled coarse aggregate in the mix proportion of the normal concrete under the
same conditions (i.e., W/B, s/a, quantity of material per unit volume of concrete). This explains the presence of —1 (e.g.,
NNSNG-55-1) and —2 (e.g., NNSNG-55-2) for some test samples of the normal concrete.

The target slump of the concrete samples was set to 18 + 2.5 cm, and the target air content was set to 4.5% * 1.5%. The
chemical admixtures included an air-entraining and water-reducing admixture made from modified lignin sulfonate compound
and polycarboxylic acid compound complex added at 1.0% of the cement mass and an air-entraining admixture made from a

resin-based anionic surfactant added at 0.05%—0.10% of the cement mass. The unit water contents of FB and BB were reduced



Table 7 Mix proportions

Cement Replacement W/B s/a  Unit weight (kg/m®)
Sample

type ratio of RG (%) (%) W C NS NG LG RLG, RLG, RMG

NNSNG-45 0 968

45 431 185 411 715
NNSNGRLG,50-45 50 484 - 446
NNSNG-55-1 . 45.8 798 968
NNSNG-55-2 44.3 782 1006
NNSNGRLG,50-55 45.8 798 484 - 446

50 55 180 327
NNSNGRLG,50-55 44.3 782 503 - - 440
NNSRLG,100-55 o 45.8 798 - - 892
0

NNSRLG,100-55 44.3 782 - - - 879
NNSNG-65 0 952

65 483 176 271 868
NNSNGRLG,50-65 50 476 - 439
NNSLG-45 0 - 1030

45 411 181 402 689
NNSLGRLG,50-45 N 50 - 514 467
NNSLG-55 0 - 1030

55 433 180 327 754
NNSLGRLG,50-55 50 - 514 467
NNSLG-65 0 - 1013

65 459 176 271 824
NNSLGRLG,50-65 50 - 506 459
NNSNG-45 0 1010

45 388 185 441 642
NNSNGRMG50-45 50 506 - - - 486
NNSNG-55 0 1044
NNSNGRMG50-55 50 55 397 180 327 692 522 - - - 502
NNSRMG100-55 100 - - - - 1004
NNSNG-65 0 1010 -

65 434 176 271 780
NNSNGRMG50-65 50 506 - - - 486
FBNSNG-45 0 968 - - -
FBNSNGRLG,50-45 50 45 437 176 391 733 484 - 446
FBNSRLG,100-45 100 - - 892
FBNSNG-55-1 o 46.4 816
FBNSNG-55-2 44.9 803 1006
FBNSNGRLG,50-55 FB 5 55 464 171 311 816 484 - 446
FBNSNGRLG,50-55 449 803 503 - - 440
FBNSRLG,100-55 100 46.4 816 - - 892
FBNSNG-65 0 952
FBNSNGRLG,50-65 50 65 487 169 260 881 476 - 439
FBNSRLG,100-65 100 - - 877
BBNSNG-55-1 o 46.3 813 968
BBNSNG-55-2 449 801 1006
BBNSNGRLG,50-55 BB 5 55 463 173 315 813 484 - 446
BBNSNGRLG,50-55 449 801 503 - 440
BBNSRLG,100-55 100 46.3 813 - - 892
ENSNG-55 0 968

E 55 458 180 327 795

ENSNGRLG,;50-55 50 484 - 446
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by —5% and — 4%, respectively, relative to N in accordance with recommendations from the AIJ [5].

3.3 Methods
Table 8 summarizes the properties measured for the concrete samples and the test methods. The slump, air content,
density, concrete temperature, and chloride ion content were measured for fresh samples. The chloride ion content was

calculated as the equation (1).

Table 8 Test items and methods

Item Method Note
Slump JISA 1101
Air content JISA 1128
Density JISA 1116
Fresh
. Concrete temperature JISA 1156
properties
Normal concrete JASS 5 T-502 Ton-selective electrode method
Chloride ion content JIS A 5022, . .
RAC and RAC used E TIS A 5023 Calculated using Equation (1)
Compressive strength JISA 1108
At 4 and13 weeks
dened Static modulus of elasticity JISA 1149
H
ar enfe Length change rate (drying shrinkage) JISA1129-3
properties
Accelerated carbonation JISA 1153
Freezing and thawing JISA 1148 Method A
X X X X X
0o CXWy 3 CoxXWy 1 CuxX Wy 3 Cux Wy, CXW,
100 4 100 4 100 4 100 100

C, is the chloride ion content of RAC Class M or RAC Class L (kg/m”),

C, is the chloride ion content of fresh concrete (%),

W, is the unit water content specified in the mix proportion (kg/m®),

C, is the chloride ion content of RA Class L (%) % 0.607*,

W, is the amount of RA Class L used in the mix proportion (kg/ m®),

Cy is the chloride ion content in RA Class H (%) X 0.607*,

W, is the amount of RA Class H used in the mix proportion (kg/m®),

C, is the chloride ion content in RA Class M (%) X 0.607*,

W, is the amount of RA Class M used in the mix proportion (kg/m?),

a is the chloride-ion residual rate from JIS R 5214 (0 except for E),

C, is the chloride ion content in E (%), and W, is the unit cement content specified in the mix proportion (kg/m®.
*The coefficient of 0.607 was selected to converting NaCl to the Cl equivalent:
0.607 = Cl molecular weight (35.45) + NaCl molecular weight (58.44).

The compressive strength, static modulus of elasticity, length change (drying shrinkage), accelerated carbonation depth,
and durability factor were measured for the hardened samples. Concrete samples were prepared by following JIS A 1138,
and hardened concrete samples were prepared by following JIS A 1132. Cylindrical samples with a diameter of 100 mm
and height of 200 mm were used to test the compressive strength and static modulus of elasticity. After demolding the next
day, the samples were cured under standard conditions until the prescribed age was reached. Six samples were tested

for each age (28, 91 days), and the average value was recorded. The static modulus of elasticity was measured by using a



compressometer. Three samples with dimensions of 100 mm X 100 mm X 400 mm were used for the drying shrinkage,
accelerated carbonation, and freezing and thawing tests. Three samples were used for each test, and the average value was
recorded.

For the drying shrinkage test, the samples were kept moist in a room at 20°C + 2°C. After demolding, they were cured
under standard conditions for 7 days and were then stored in a humidity chamber at a constant temperature of 20°C * 2°C
and relative humidity of 60% = 5% until the prescribed age was reached for measurement.

For the accelerated carbonation tests, after demolding the samples were placed in water at a temperature of 20°C = 2°C
for 4 weeks. They were then kept in a humidity chamber at a constant temperature of 20°C + 2°C and relative humidity of
60% * 5% for another 4 weeks. The accelerated carbonation test was conducted under the conditions of a temperature of
20°C = 2°C, relative humidity of 60% + 5%, and CO, concentration of 5% = 0.2%.

For the freezing and thawing tests, samples were demolded, cured under standard conditions until 4 weeks of age, and

then subjected to freezing and thawing cycles until the prescribed age for measurements.

4. Results

4.1 Fresh properties

Table 9 summarizes the fresh properties of the concrete samples.
4.1.1. Slump and air content

FBNSRLG,;100-65 (W/B: 65%, cement: FB, RLG, replacement ratio: 100%) had a slump of 10.5 cm, which was substantially
below the target value. Thus, the type and volume of chemical admixture needed to be adjusted in this case. For all other
samples, the target values for the slump and air content were satisfied. The aggregate modification factor was 0.4%-0.5% at
the 50% replacement ratio and 0.6% at the 100% replacement ratio for RLG. The aggregate modification factor was 0.3% at the
50% replacement ratio and 0.5% at the 100% replacement ratio for RMG.
4.1.2. Density

The density of RAC tended to decrease as the RG replacement ratio increased. This is because RG had a lower density
than the normal coarse aggregate owing to the adhesion of original mortar or cement paste.
4.1.3. Concrete temperature

Samples were prepared according to JIS A 1138 from mid-July to mid-December of the following year. The concrete
temperatures varied because mixing was partially conducted outdoors. However, all samples had temperatures of 8.4°C—
30.1°C and thus stayed below 35°C. The RG replacement ratio had no effect on the concrete temperature.
4.1.4. Chloride ion content

As per JIS A 5022 and JIS A 5023, the chloride ion content was calculated under the assumption that 25% of the total
chloride ion content of RMG and RLG in addition to 100% of the chloride ion content of the cement would leach into water.
The results demonstrated that the chloride ion content of all samples satisfied the limit of 0.30 kg/m® set by JIS A 5308

although it increased with the replacement ratio.

4.2 Hardened properties
4.2.1. Compressive strength

Figure 3 illustrates the compressive strengths of the concrete samples. For samples using RLG;,, the compressive strength
tended to decrease as the replacement ratio increased. The type of cement influenced the development of the compressive
strength: FB and BB resulted in greater long-term strength than N whereas E had nearly equal strength [19]. With N, the

4-week compressive strength tended to decrease as the replacement ratio increased. With FB, the 13-week compressive
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Table 9 Fresh properties of concrete samples™

Sample Slump (cm) Air content™ Densitgf ’I;emperature Chlori;i(kesion content
(%) (kg/m”) 0 (kg/m”)

NNSNG-45 20.5 5.6 2263 18.0 0.07
NNSNGRLG,50-45 19.0 5.0 (0.4) 2230 17.4 0.13 (0.035)
NNSNG-55-1 20.0 54 2244 18.6 0.05
NNSNG-55-2 20.5 5.5 2397 259 0.02
NNSNGRLG,50-55 20.5 4.9 (0.5 2260 18.8 0.12 (0.031)
NNSNGRLG,50-55 20.5 4.3 (0.7 2299 22.6 0.09 (0.026)
NNSRLG,100-55 20.0 4.5 (0.6) 2180 18.2 0.18 (0.033)
NNSRLG,100-55 19.5 5.3 (0.7 2173 22.8 0.14 (0.031)
NNSNG-65 20.0 44 2261 18.7 0.03
NNSNGRLG,50-65 17.5 5.2 (0.4) 2180 18.6 0.09 (0.018)
NNSLG-45 20.5 4.0 2214 12.5 0.03
NNSLGRLG,50-45 20.5 5.1 (0.4) 2199 12.7 0.07 (0.003)
NNSLG-55 20.5 44 2343 20.0 0.05
NNSLGRLG,50-55 20.0 4.9 (0.5 2261 20.2 0.12 (0.032)
NNSLG-65 20.0 5.3 2306 18.5 0.04
NNSLGRLG,50-65 20.0 4.9 (0.5) 2273 14.2 0.09 (0.014)
NNSNG-45 20.5 5.6 2286 23.8 0.08
NNSNGRMG50-45 19.5 4.4 (0.3) 2290 24.2 0.07 (0.039)
NNSNG-55 20.5 5.9 2274 26.6 0.03
NNSNGRMG50-55 20.0 5.2,5.6 (0.3) 2225, 2240 23.0,23.3 0.05 (0.028)
NNSRMG100-55 19.0, 19.5 4.0, 5.3 (0.5) 2254, 2280 244,249 0.05 (0.025)
NNSNG-65 20.0 5.8 2230 23.7 0.04
NNSNGRMG50-65 18.0 5.1,5.2 (0.3) 2247, 2307 23.5,23.6 0.06 (0.034)
FBNSNG-45 20.0 3.6 2377 28.2 0.03
FBNSNGRLG,50-45 20.0 4.5 (0.4) 2274 21.1 0.06 (0.003)
FBNSRLG,100-45 18.0 3.7 (0.6) 2289 20.5 0.12 (0.013)
FBNSNG-55-1 17.0,18.0 3.3,5.8 2300, 2376 249 0.03
FBNSNG-55-2 20.5 5.2 2371 25.3 0.01
FBNSNGRLG,50-55 16.0 3.3(0.4) 2310 22.1 0.06 (0.004)
FBNSNGRLG,50-55 20.5 4.6 (0.6) 2310 19.2 0.06 (0.013)
FBNSRLG,100-55 18.5 3.8 (0.6) 2243 22.3 0.12 (0.007)
FBNSNG-65 18.5 4.0 2351 19.3 0.03
FBNSNGRLG,50-65 16.5 4.2 (0.4) 2279 20.8 0.06 (0.004)
FBNSRLG,100-65 10.5 4.4 (0.6) 2223 19.7 0.12 (0.004)
BBNSNG-55-1 18.0, 19.0 5.9,6.0 2281, 2289 26.1,26.7 0.04
BBNSNG-55-2 19.5 44 2340 254 0.02
BBNSNGRLG;,50-565 18.0 4.5 (0.4) 2243 20.4 0.06 (0.016)
BBNSNGRLG,50-55 19.0 5.2 (0.4) 2350 24.8 0.06 (0.012)
BBNSRLG,100-55 17.0 5.1 (0.6) 2244 22.3 0.12 (0.020)
ENSNG-55 18.5,19.5 5.8,5.9 2200, 2287 27.1 0.10
ENSNGRLG,50-55 19.5 4.8 (0.4) 2236 14.1 0.14 (0.026)

*1 Including cases where measurements were performed twice simultaneously.
*2 Aggregate correction factor is provided in brackets. Further, it is omitted if the threshold is less than 0.1%.
*3 The value in brackets indicates the value of C, in Equation (1).



strength exceeded 50 N/mm® for all samples with a W/B of 45%. However, at W/B of >55%, the effect of the replacement
ratio was subtle. With BB, the 13-week compressive strength decreased as the replacement ratio was increased although
only at a W/B of 55%. A similar trend was observed with E regarding the 4-week compressive strength.

For samples using LG as the normal coarse aggregate, the effect of the replacement ratio was unclear because the
compressive strength was less than 50 N/mm® even at a W/B of 45%. These results may have been influenced by the coarse
aggregate strength [23]. The replacement ratio had no effect on the 4- and 13-week compressive strengths of concrete
samples using RMG.

4.2.2. Static modulus of elasticity

Figure 3 shows that the replacement ratio affected the static modulus of elasticity for concrete samples using RLG;,
particularly at 13 weeks for samples using FB and BB as the cement and at 4 weeks for samples using E and N as the cement.
The replacement ratio barely affected the static modulus of elasticity of concrete samples using RMG. Between the normal
coarse aggregates, the static modulus of elasticity tended to be higher with LG than with NG when N was used as the binder,
which agrees with previous results [19]. These results indicate that mixing LG with RLG effectively improves the static
modulus of elasticity of RAC. The static modulus of elasticity (Young’s modulus) can be evaluated by using the following
equation (2) from JASS 5 [19]:
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Fig. 3 Compressive strength and static modulus of elasticity of concrete samples
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where

E is the Young’s modulus (N/mm?),

k, is the modification factor determined by the type of coarse aggregate (1.2 for LG, 1.0 for NG, and 1.0 for no admixture),

k, is the modification factor determined by the type of admixture (1.1 for FA (FB), 0.95 for GGBFS (BB), and 1.0 for no
admixture (N, E)),

y is the density of concrete (t/m?),

o is the compressive strength of concrete (N/mm?), and B is the concrete age (4 weeks).

The accuracy of this equation is reported to be within *20% of the actual value. The air-dry density of the concrete was
measured from samples used for drying shrinkage after 3 months (i.e., 13 weeks) of storage.

Figure 4 illustrates the relationship between the compressive strength and Young’s modulus for the concrete samples
according to the coarse aggregate type, cement type, and replacement ratio. The measured static modulus of elasticity
was within —10% to +22% of the value estimated from equation (2) except for NNSNG-65, which was within +31%. Overall,

however, the values were generally within *+20%, which corresponds with expectations [19].
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Fig. 4 Relationship between the compressive strength and Young’s modulus

4.2.3. Drying shrinkage
Figure 5 shows that the replacement ratio affected the drying shrinkage of concrete samples using RLG;.
BBNSNGRLG,50-55 and NNSRLG,100-55 both exceeded the target value of 8 X 10~ set by JASS 5 [19]. Conversely, the



replacement ratio had little effect on the drying shrinkage of concrete samples using RMG, which remained at <8 x 10~*
even at a 100% replacement ratio. When RLG, was mixed with LG, the maximum drying shrinkage was 6 x 10 * even at a
replacement ratio of 50%. This may be because concrete using crushed limestone generally has little drying shrinkage [24].
When comparing NNSNGRLG;50-45 and NNSLGRLG,50-45 with a W/B of 45% and a high-water content per unit volume at
N, the study obtained reductions of approximately 2 x 10~*. Overall, the effect of the cement type was unclear. However,
concrete samples using W/B of 55% and 100% replacement ratio for RLG; with different types of cement (NNSRLG;100-55,
FBNSRLG,100-55, and BBNSRLG,100-55) had drying shrinkages of 10 x 107 8 x 107*, and 8 x 10™* respectively. These
concrete samples had water contents per unit volumes of 180, 171, and 173 kg/m”’, respectively, which suggests that the

reduced water content per unit volume owing to the use of blended cement influenced the drying shrinkage.
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Fig. 5 Drying shrinkage and accelerated carbonation depth of concrete samples

4.2.4. Accelerated carbonation

Figure 5 shows that the accelerated carbonation depth was most affected by the W/B with little progress at W/B of
45%. However, at W/B of 65%, NNSNGRLG,50-65 exceeded the target of <25 mm for highly durable concrete [25]. The
replacement ratio clearly affected the accelerated carbonation depth in concrete samples using RLG, and with a W/B of >55%.
The W/B affected the accelerated carbon depth in concrete samples using RMG, but the effect of the replacement ratio was
less evident at W/B of >55% W/B. Among cement types, the accelerated carbonation depth increased with FB, which agrees
with previous results [26].

Figure 6 shows the relationship between the compressive strength of concrete samples and the accelerated carbonation
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depth. A strong correlation was observed for all cement types, which indicates that the target quality can be achieved by
increasing the compressive strength (i.e., by reducing the W/B). However, BB was used as a reference because of the

scarcity of samples.
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Fig. 6 Relationship between compressive strength and accelerated carbonation depth

4.2.5. Freezing and thawing resistance

Figure 7 shows the relationship between the air content of fresh concrete and its durability factor. The durability factor
was >85 regardless of the RA replacement ratio and cement type as long as the air content was within 4.0%-6.0%, which
complies with the requirements of JASS 5 [19] for concrete subjected to severe freezing and thawing action. However,
the durability factor of RAC is influenced by multiple factors, including the type of original aggregate, air content, W/B
manufacturing method of the original concrete, and the crushing method [27]. Further evaluation according to JIS A 5022
Annex D is required to confirm these effects.
4.2.6. Total evaluation

Table 10 presents the relationship between the performance requirements and materials employed according to the mix
proportion. The results indicate that the performance of RAC can be elevated by optimizing the replacement ratio of RG and
selecting appropriate materials as the cement and normal coarse aggregate while adjusting the mix proportion in terms of the

W/B, air content, and water content per unit volume.
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Table 10 Relationship between performance requirements and materials used™
Cement Coarse aggregate Mix Proportion
Performance requirement Ai Ny Repl t
4 N,E  FB BB NG LG W/B ' Water? P acemen
content ratio of RAC
Increase compressive strength o (] o
Increase long-term compressive strength (] ([ J
Increase static modulus of elasticity o ([ J
Suppress drying shrinkage o O o
Suppress carbonation resistance o [ ) (]
Improve freezing and thawing resistance o

*1 @ : factors contributing to performance improvement. O : factors contributing to performance degradation. *2 Water content per unit volume of
concrete

4. Conclusions

The aim of this study was to develop a simplified manufacturing method that promotes the use of RG and environmentally
friendly cements to produce concrete with excellent resource recyclability and economic efficiency. To simplify the
improvement of RAC Class M, general-purpose cements and aggregates were used instead of SCMs. The following
conclusions were obtained:

(1) The slump and air content of RAC samples using RLG and RMG mostly satisfied the target values, regardless of the
cement type and replacement ratio. The density of RAC tended to decrease with increasing replacement ratio, which can be

attributed to the lower density of RG due to the adhesion of original mortar or cement paste. The RG replacement ratio had
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no significant effect on the concrete temperature, and the chloride ion contents of the RAC samples satisfied the limit of 0.30
kg/m”’.

(2) The replacement ratio influenced the compressive strength of RAC samples using RLG but had no effect on samples
using RMG. The cement type influenced the development trend of compressive strength. The static modulus of elasticity
decreased with increasing replacement ratio when more RLG was used. These results indicate that mixing crushed
limestone with RG is effective for improving the static modulus of elasticity.

(3) The replacement ratio had a greater influence on the drying shrinkage when RLG was used. The drying shrinkage can
be reduced by mixing RG with crushed limestone. It can also be reduced by lowering the water content per unit volume,
which can be achieved by using blended cement.

(4) The replacement ratio influenced carbonation when RLG was used. Carbonation was also accelerated when FB was used
as the cement type. The influence of the W/B was dominant, and the target quality could be achieved by reducing the W/B
even at high replacement ratios.

(5) When the air content of the as-mixed fresh concrete was within a suitable range, the durability factor was >85, regardless
of the RG replacement ratio and cement type. However, multiple factors influence the durability factor of RAC, including
the type of original aggregate, air content, W/B, manufacturing method of the original concrete, and the crushing method.
Further evaluation according to JIS A 5022 Annex D is necessary to confirm these effects.

These results indicate that replacement with RMG had almost no effect on the concrete performance, whereas
replacement with RLG degraded the concrete performance. However, the performance of RAC using RLG can be enhanced
by applying the same approach used to optimize the performance of normal concrete, such as selecting the appropriate
cement type and normal coarse aggregate and adjusting the mix proportion to modify the W/B, air content, and water content

per unit volume.
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Abstract

This paper describes a comparative analysis of agricultural water management in Singapore and Japan, two countries with distinct
geographies but shared challenges. Singapore, highly urbanized and water-scarce, relies on advanced technologies such as hydroponics,
vertical farming, and closed-loop aquaponics, supported by its “Four National Taps” strategy—local catchments, imported water, desalination,
and NEWater. Japan has greater freshwater resources but faces seasonal shortages, aging irrigation systems, and climate-induced droughts.
Analysis of vegetable production and consumption shows Japan’s practices to be consistently more water-efficient, though on a far larger
production scale, while Singapore’s high consumption footprint reflects dependence on imports. Emerging technologies—including smart
irrigation, biochar amendments, digital farming, and circular waste-to-resource pathways—are explored as opportunities for cross-national
learning. The insights highlight how technology, policy, and innovation could shape sustainable water use in crop farming across urban and
rural contexts.

Keywords : Crop farming, recycled water, freshwater, urban agriculture, rural agriculture

1 Introduction

Modern agriculture is greatly dependent on technologies such as irrigation, fertilizers, and pesticides to overcome
the limits of natural soil productivity and sustain global food production [1]. This food production dependence underpins
water consumption which unfortunately involves inefficient practices in many parts of the world [2]. This leads to a global
challenge in which technological progress seeks to provide abundance and creates problematic long-term sustainability
issues.

Agriculture is the largest user of freshwater [2]. From the data from the UN Food and Agriculture Organization (FAO)
and other water-use studies: about 70% of all freshwater withdrawals worldwide are used for agriculture [3]. This implies
2,500-3,000 cubic kilometers (km®) of water per year, which translates to 2.5-3 trillion cubic meters annually. In water-scarce
regions (e.g., parts of Asia, the Middle East, and Africa), agriculture can account for up to 90% of freshwater use; the bulk of

this water goes into irrigation, while smaller portions are used for livestock watering and aquaculture.

Table 1 Singapore and Japan: Area, Population, and Density.

Country Area (km?)* Population (million) * Density (people/km®)#
Singapore 736 6 7,800
Japan 377,975 123 330

*https://data.un.org; # estimated from area and population data

Table 1 lists the size, population and density of Singapore and Japan. To meet population growth in highly urbanised areas
that aligns with mitigating climate change and disruption arising from geopolitical tensions as well as the next epidemic
effects, countries like Singapore and Japan approach agricultural sustainability in the following ways. In land-scarce and
water-constrained regions like Singapore, the shift from traditional soil-based farming to high-tech urban agriculture requires

a re-evaluation of how water—one of the most critical inputs—is sourced, utilized, and conserved; Singapore aspires to locally
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produce 30% of its nutritional requirement by 2030 [4]. Japan, while geographically and demographically different, also faces
growing pressure to enhance water efficiency across its diverse agricultural systems, albeit some differences. In July 2025,
the Tohoku rice-growing region faced record-low rainfall—Yamagata received just 8 mm (~4% of normal), and Niigata only
3.5 mm (~2%). Farmers faced water rationing as a dam turned dry and another dropped to 20% capacity [5]. Extreme heat
and drought also caused a rice shortage in 2024, driving inventories to a 25-year low. In response, the government released
reserves and began testing heat-resistant rice varieties [6]. Multiple sources point to drought as a recurrent threat to rice
yields and food security, with climate change projected to cause ~20% declines in paddy yields by 2100 [6, 7]. Table 2

highlights the areas of interest in the comparative analysis of Japan and Singapore.

Table 2 Water challenges in Japan and Singapore

Water Scarcity (Agriculture) Pressures

Singapore | Clearly water-scarce, with limited natural supply and high | Full reliance on advanced technology for water supply and

withdrawals [8] recycling; agriculture is minor and technology-intensive [9]
Japan Not initially water scarce, but faces localized and seasonal | Regional and temporal shortages; infrastructure inefficiencies;
water stress affecting agriculture [5] climate-induced droughts; aging farming systems [2]

This paper presents a preliminary comparative analysis of the landscape of agricultural water management for crop
farming, as well as insights, in Singapore and Japan. The aim is to draw parallels on sustainable practices that could be of
value to each country. Following from the Net Zero Urban Farming workshop, which brought together academics from
Singapore Institute of Technology and Newcastle University, where discussion produced an insightful paper [10], this study
adds perspectives of Singapore and Japan’s water-focused innovation efforts for examining broader themes of sustainability,

technology, and policy in agriculture.

2 Crop farming landscape in Singapore and Japan

Currently understanding of the mechanics of the global circulation of fresh water, i.e. the hydrological cycle, is outlined
as follows, with further details described elsewhere [11]. Water evaporates from the oceans into the atmosphere, then
condenses and falls back to Earth as dew, mist, rain, snow, or hail. This precipitation either returns directly to the oceans
or falls on land, from where it eventually flows back to the oceans through rivers, runoff, or groundwater. The hydrological
cycle is important for living things on earth that consumes or uses fresh water, as the cycle controls the amount of fresh
water available at any one place at a given time.

Of the water input from all forms of precipitation, only a small fraction, about 25%, falls on land surfaces. Of this potential
supply, the amount and form in which the water reaches us depends on the routes by which it is returned to the atmosphere.
Almost all land plants depend on water stored in the soil, which they absorb through their roots. Only a very small number of
plants get their water directly from the air or other sources. The availability of water for absorption by a plant’s roots depends
on the depth of the root zone, which can vary from a few cm to around 15 m, and the ability of the soil to hold or retain
precipitation.

Of the total incoming precipitation, some is intercepted by the vegetation cover and held or ‘stored’ long enough to be lost
by evaporation before it reaches the land surface. (Infiltration of water into the soil will depend on the amount of precipitation,
less than which is intercepted or runs off the surface.) On reaching the land surface, a proportion of this water will leave the
land by surface run-off into streams, rivers, lakes, etc, which discharge into the oceans.

Return of water from the soil may be by two routes: (1) evaporation and evapo-transpiration (a process where water taken



up by the plants is returned to the atmosphere), (2) longer and slower route of percolation, as freely draining soil-water, down
to ground-water levels from where it eventually seeps into streams, lakes, or directly into the sea.

The total volume of water circulating through a given terrestrial ecosystem, and its distribution among the possible routes
it can follow, are determined by prevailing climatic conditions, landforms and the nature of the vegetation cover and the
underlying soil. A shift in any of these variable will be reflected throughout the hydrological cycle.

Today the world contains almost eight billion people, with a population doubling time of about 25 years. Energy-driven
water technology is needed to raise the productivity of land, a productivity which in some of today’s most intensive systems
produces fifty times as much protein per hectare as a natural system. In Singapore, by virtual of the limited land, (1) cutting
fresh water loss interception and evapo-transpiration, and (2) increase the ‘water yield’ by capturing the proportion of surface
run-off as a result of deforestation (which is replaced by buildings, roads and other infrastructure-related to urbanisation).
In Japan, the concern is not increasing overall water yield, since rainfall is abundant, but ensuring reliable storage and
distribution. The chief concern are the seasonal and regional imbalance of water, inefficiencies in aging irrigation systems,
and climate-induced stresses such as droughts and heat waves, which could disrupt Japan’s agricultural supply. Clearly,
despite having better knowledge of the hydrological processes, manipulating the hydrological cycle at other than a relatively

local scale is limited by our ability to control global climate.

Table 3 Water consumption for food (vegetables) production in Japan and Singapore (https://www.watertofood.org)

Singapore Japan

1990 2000 2010 2016 1990 2000 2010 2016
Unit water footprint of 251 268 228 239 139 142 158 165
production (m’/t)

i footprint of
Unit water footprint o 346 346 317 283 160 164 182 192
consumption (m®*/t)
Water footprint of
ater footprint o 22x10° | 31x10° | 43x10° | 52x10° | 50x10° 41x10° 46%10° 44%10°

production (m’)

The price we pay for this intensification may be gauged from Table 3 and Figure 1, which shows the water consumption
for food production in Japan and Singapore from 1990 to 2016. Singapore’s unit water footprint of vegetable consumption has
decreased since 2000, reflecting efficiency gains from hydroponics, vertical farming, and recycled-water use. However, its
total production water footprint has increased because overall domestic output has grown. In short, each ton of vegetables
now requires less water, but rising production volumes mean that Singapore’s aggregate water demand for vegetables is
higher. Japan’s unit water footprint of vegetable production has risen slightly over time, from 139 m®/t in 1990 to 165 m®/t in
2016, indicating reduced efficiency per ton. At the same time, its total production water footprint shows an overall downward
trend, declining from about 496 million m® in 1990 to 440 million m® in 2016, with fluctuations in between. This pattern

reflects shrinking domestic output and structural changes in agriculture.

Unit water footprint of production (m*on) vs year Unit water footprint of consumption (m*ton) vs year Water footprint consumption (m?) vs year

00 400 1.000.000,
350 100,000,000
280 — -
200 10,000,000
200 1,000,000
250
100,000
150 200
10,000
1
100 o 1,000
100 100
50
50 10
0 o 1
1980 2000 2010 2016 1860 2000 2010 2016 1960 2000 2010 2016

Figure 1 Water footprint of vegetable production and consumption in Singapore (dark blue bars) and Japan (orange bars)
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3 How water is delivered to crop farmers in Singapore and Japan

In Singapore, urban crop farming is influenced by spatial and resource limitations. As the 2021 workshop report
highlighted, as agriculture occupies less than 1% of Singapore’s land; to overcome the land limitation for crop farming and
meet scalability, intensive methods such as vertical farms, hydroponics, and controlled-environment systems are used.
This requires how water is managed, using recycled or desalinated water. “Closed-loop” systems also combine fish rearing
(aquaculture) with vegetable farming, making water use more circular [10].

Water for agriculture in Singapore is regulated by the “Four National Taps”, namely local catchment water, imported
water, NEWater (i.e. recycled water), and desalinated water. NEWater and desalination are increasingly used in agriculture.
Farming technology that requires low water consumption are best able to meet the farmer’s bottom line. These technologies
are vertical farming, hydroponics, and aquaponics; these technologies use less water than traditional soil-based farming.
Hydroponics can reduce water use by up to 90%, as water is recycled within the system [12]. The following paragraph
outlined how water is delivered to crop farmers in Singapore.

From the four centralized water sources (“Four National Taps”) [9], namely local catchments, where rainwater is collected
in reservoirs, imported water, i.e. from Johor, Malaysia, NEWater process creates recycled wastewater for use by farms.
Desalination, i.e. where seawater is converted to freshwater, water from these sources is fed into a single national distribution
network, managed by the Public Utilities Board. Treated water (potable or NEWater) passes through municipal pressurized
pipes which are connected to farms (unlike Japan’s canal/ditch systems). At farm-level, water to hydroponics & vertical
farms is delivered into nutrient solution tanks; pumps circulate it through growing trays and recycle it in closed loops. Water
to aquaponics is circulated between fish tanks and plant beds, with pumps regulating flow. Water to soil-based farms comes
through drip irrigation connected directly to the piped supply to reduce loss through evaporation.

In contrast, Japan possesses a relatively abundant of freshwater supply and a wider variety of agricultural landscapes.
Japan’s efforts include precision irrigation technologies, decentralized water management, and soil moisture sensing in rural
farms. The following paragraph outlined how water is delivered to crop farmers in Japan [2].

Water, for example from rain, flows into streams and rivers and is dammed or diverted for storage in reservoirs, ponds,

Table 4 Comparison of water delivery methods for crop farming

Singapore [9] Japan [2]

‘Water Source PUB’s Four National Taps: local catchments, imported | Rainfall-fed rivers, reservoirs, dams, and ponds.
water, desalination, NEWater (recycled water). NEWater | Groundwater plays a limited role.
widely used for farms.

Delivery System Pressurized piped supply from national water grid | Diversion structures feed water into main, secondary,
directly to farms. and tertiary irrigation canals.

Farm-Level Application | Hydroponics (nutrient solutions in closed loops), | Flood irrigation in paddy fields, distributed through field
aquaponics (fish-plant cycles), drip irrigation for limited | ditches and gates.
soil-based farms.

Management Managed by Public Utility Board (PUB). Farmers pay | Managed by Land Improvement Districts (LIDs), farmer
non-domestic water tariffs; some receive subsidized | cooperatives that allocate water and maintain canals.
NEWater for irrigation.

Efficiency High efficiency: closed-loop hydroponics recycles up to | Lower efficiency: paddy flooding uses large volumes but
90% of water; minimal open evaporation losses. water is partly returned to rivers/groundwater.

Technology Emphasis Urban farming, vertical farms, automation, precision | Canal infrastructure modernization, rotational irrigation
dosing, recycling. scheduling, multipurpose dam systems.




and multipurpose dams during wet periods. The stored water is then released during the growing season. The water is
distributed via canals. The main irrigation canals receive water via large headworks (diversion structures). Secondary &
tertiary canals carry water flows from main canals to the farming region. At each farming region, the Land Improvement
Districts allocate water to individual farmers in scheduled turns, a practice called warabuchi (rotational irrigation). At the
farm level, water enters paddy fields via small ditches or gates; the water spreads across fields and infiltrates the soil. Some
water percolates to groundwater or drains back to canals/rivers and this enables the water to be reuse.

This comparison highlights a critical insight: while water is a universal agricultural concern, the socio-environmental

framing and technological response differ significantly between urbanized (Singapore) and rural (Japan) geographies.

4 New efficient water and related technologies for crop farming

Over the years, Singapore and Japan have gained valuable experience in sustaining water for farming, but national food
supply remains vulnerable to the impacts of global climate variability. This limitation underscores the need for continuous
innovation in crop water management. Given these ongoing challenges, the following sections highlight key technological
directions emerging from the 2021 SIT-NU workshop [10] that may hold potential for future adoption in Singapore and Japan.

For a summary of these technologies, see Table 5.

(1) Crop health and disease management

For Singapore, early detection of root diseases in hydroponic or vertical farms can reduce the need to flush entire water
systems, saving both water and nutrients. For example, photonic laser spectroscopy developed in Singapore allows real-time
monitoring of crop nutrient levels and stress [13]. For Japan, better control of fungal pathogens in paddy fields helps align
irrigation more closely with plant health. Recent work on short-wave infrared hyperspectral imaging enables non-invasive

root health monitoring [14].

(2) Low-energy farms

For Singapore, having controlled-environment farms using heat gradients, solar-powered IoT irrigation, such as solar
green roofs, and ground-source heat pumps can reduce cooling loads in vertical farms, lowering evapotranspiration and
irrigation demand. Such systems reduce evapotranspiration and optimise water use [15]. For Japan, smart greenhouses in
regions such as Miyazaki integrate data-driven control of water, heat, and CO,, reduce water stress linked to heating/cooling

needs across seasonal climates [16].

(3) Alternative fertilizers and biostimulants

For Singapore, driving the adoption of clean nutrient sources such as green ammonia and bio-stimulants in hydroponics
reduces residues in recycled water loops [17]. For Japan, research into controlled-release fertilizers is underway and shows
promise for lowering nutrient runoff into irrigation canals; this could be a step forward to keep the water clean and reduce

downstream treatment needs [18].

(4) Sensor networks, I0T and digital farming

For Singapore, IoT and machine learning systems in farms (e.g., AbyFarm) are applied to automate irrigation and optimise
nutrient and water dosing in hydroponics, ensuring minimal water waste [19]. For Japan, large-scale canal and paddy
irrigation can benefit from digital flow monitoring; this approach can lead to more efficient water allocation to farmers. Paddy

field irrigation is being modernised with water-level sensor networks using e-Tape, Arduino, and XBee, allowing precise
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irrigation scheduling [20].

(5) Composting and growth media innovation

For Singapore using compost, coir, and biochar as alternatives to perlite/rockwool improves water retention in hydroponic
substrates, reducing freshwater demand [12]. For Japan, organic soil amendments (compost, biochar) are expected to
increase soil water-holding capacity in upland fields, so as to be able to mitigate drought stress. Biochar soil amendments are

tested in rice fields to increase water-holding capacity and improve yields under evaporation stress [21].

(6) Circular Use of Biomass & Waste

For Singapore, biowaste conversion (e.g., hydrothermal carbonisation (HTC)) is expected to support water-energy
synergies in urban farms by recycling organic matter. HTC of organic waste into hydrochar is being developed, providing
water-energy synergies and new absorbent media for urban farms [22]. For Japan, biomass-based carbon sequestration
is expected to improve soil structure and enhances natural water infiltration and retention in farmland so as to be able to

support sustainable circular practices in farmland [21].

Table 5 Comparison of new methods for adoption in Singapore and Japan

New methods for adoption Singapore Japan

Crop health and disease management Photonic spectroscopy for hydroponic | SWIR hyperspectral root health monitoring [14]
monitoring [13]

Low-energy farms Solar-powered IoT irrigation systems [15] Smart greenhouses with data-driven controls
[16]
Alternative fertilizers and biostimulants Green ammonia/hydrogen pathways [17] Carbon-free fertilizers to reduce runoff [18]

Sensor networks, IoT and digital farming IoT and ML-enabled smart hydroponic farms | Paddy water-level sensor network [20]
[19]

Composting and growth media innovation | Biochar plus perlite mixes improve water | Biochar amendments improve paddy water-

retention [12] holding [21]
Circular use of biomass and waste Hydrothermal carbonisation (HTC) of organic | Biochar recycling improves water infiltration
waste into hydrochar [22] [21]

5 Concluding remarks

Singapore and Japan face contrasting water challenges in agriculture: scarcity in Singapore and distribution in Japan.
Singapore responds with ‘closed-loop’ systems like hydroponics and NEWater, while Japan relies on extensive irrigation
networks that now require modernization under climate stress. Both countries show that efficiency is not only about water
supply but also technology (and governance).

The new efficient water and water-related technologies from Singapore and Japan illustrate how emerging technology can
shape sustainable water use in very different contexts. In Singapore’s urban farms, advances such as hydroponics, smart
IoT irrigation, clean fertilizers, and biowaste recycling are intended to reduce freshwater demand and close resource loops
within controlled environments. In contrast, Japan’s rural agriculture emphasizes modernizing paddy irrigation, adopting
controlled-release fertilizers, and improving soil water retention; we highlighted these to show how traditional large-scale

systems can be adapted to address climate pressures and resource efficiency.
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the Post-Gonzalez Period
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Abstract

Callejon de Hamel is an alley of approximately one hundred meters in a residential district of Havana, created by the artist Salvador
Gonzalez Escalona around 1990. Despite Cuba’s strong tradition of state control over culture, it has consistently developed as an autonomous
space where the practices of visual arts, music, dance, Afro-Cuban religions, and community-oriented social activities intersect. Gonzalez
passed away in 2021 by disease, yet the project has continued under new leadership, his daughter Jaqueline, maintaining its relevance both
locally and internationally.

This paper examines the current state of Callejon de Hamel after Gonzalez’s death, focusing on its objectives and significance through
interviews with members and an analysis of ongoing activities. It situates the project within the broader context of religion and culture in
Cuban society, highlighting how it functions as a unique cultural alternative. In particular, this space has served as a site where Afro-Cuban
cultural and religious traditions—long marginalized or dismissed under the revolutionary regime—are reclaimed as a positive source of
Cuban identity.

Furthermore, Callejon de Hamel illustrates a distinctive model of sustainability. Rather than being reduced to a mere tourist attraction,
it reinvests income from art sales and limited tourist-oriented services into community programs such as workshops for children, events for
the elderly, and initiatives for social inclusion. Through this structure, the project demonstrates how cultural spaces can incorporate tourism
without displacing local communities, ensuring both economic viability and social accessibility.

By analyzing the post-Gonzélez trajectory of Callejon de Hamel, this study argues that the alley represents more than a cultural heritage
site: it is an ongoing experiment in autonomy, hybridity, and cultural empowerment. It exemplifies how grassroots initiatives can create
sustainable alternatives in the face of state-centered cultural policies, providing insight into the dynamic intersections of art, religion, identity,
and politics in contemporary Cuba.

2% o T ho REBDEN AP S AR, 2

IEL®HIC DY HHTAERD AL 55, EEN2BDEY -2 TY

NIFEOEENNF, £ ba - ONFHIXICH B4
K100 A= MV ED/NE LT TH 5. WEHESE

—EDBAEX G L TVDE I EERL TV,

B IR L7z Y 2k - F - TAIVDOAY I,
— WM REELBIPASPIRELEDOTH), WHTH
nNEZhE—mchHhro L Em52NLIFAEAS, 20

H Y xR YT T AV (Callejon de Hamel) (&, ¥ = —

D—F47IZ7, T DT 7% 22 R & SLIITENC X - T,
4 HTIRENAOBOEE 251 & DU % R8I0 7 UL

BT 2 S50, BN EEB S S0, BiR,
BEWIR - WRIR, FANE LTERREHZITo 72N

45



46

A >R —F>a I Vol 4 No. 1

B 1

K=« TUH LA ZAHa—7 (Salvador Gonziles
Escalona) T® 5. %IZ19904EEH A 5 Z DK T &k %
HHOF ¥ v NA L LTHY, KIBZEEE R 41 7 )L
FM R LR 2 fiE L7z, 612, Y AR
BERANRY P EPIcHEL, MEoER R E
F720 SSCTHEELZODIE, ATV zdY - T - T AVHH
BB EMROEBRHRIICLEEFLT, 7705
Fa—INEHREEF— T LT HEMEE LT - A
BNEREBODIY L o TERNTH D, Thbb,
CHEF 2= NIZBIT BT 7Y 75%F 2= NEHEEE
B ORI ERD—D L LTHESIT 5N b,

T L RIF20214E4 H I L T 5 205, o
CEHIWoIx 7Y v Tr% L A (Jaqueline
Gonzédlez) ) —%—& 7%, HENIEMT L L %L
RSN T VD, AIRRZED A Y A<V ARAE L2205
s, {EEE Ko7 VIR BRI A IR T X
DM e piE, FREEFZER LRI BV TE
FARMETHY, AVRY - F - TANVIZZOBI %R
L THWw 5,

CORTIXHERAR SN, #DHEHICHADY TE %,
EHDVPNEANBOLE L LCRINZZBRICD, FEhox »
IN—=DSEFEIITE & 0, N THICEN L T iz,
MRV BRI Z B AANS &, BE—MIZH A7 fER
R OB, FEWY VRNV EMARALEF TV 27
EWHITRVIAATL B, BT, FUV YT AY VR
THEWWGED ZAR=ZAHHRITHLNTEY, BERNO—=IZ
XTI L ADENSNOZF /N &R L RS
LM IENTWD, BAHESDE, BEPHTFE VS
7o HE W 2 Y O BEM % BRIV L THIME S iz Ko+
7T 2 BEPN, BEO XD BRI o TWD ()

%2) ZZRFAKICHIBOTFELLOEDYTH D
D, Zr e HEAEGDZEHT 5L 2o Twhb,

Ef& 2

W &5 7 — MESIEIRIA Wl % 8o, fitT >
PV ADOKREERIZ IR FVEBZ 25T s5hT
WBA, DX Y N—OERIZ RN TH D, B
BB THIIZI0K FVRETHATE 2, 1EMIC
Iz C#HEH, DVD, Ak LolEmesEABLE
OB 7 7V EEsh, s olEEss 7
Yz POMEEEEL TWDH, 2023412 H BN T
13X DEIMA Y v 7HEHTEB Y, kb EdZeR
TRELSEFMCHV. L2325 1l LTott
BLAELTWD,

MW RBELORNRELT, HYxky - F - T AN
BT AMRIERERON TS, BREZFF - T 7+
VA —F (2017) &, FEMEDB X OREEEOIRIZ T >~
L ZADWEB & EDOT, BABIZEOBIN S b=
YR =AY OHHE L THH LT —HTTA S
Vo(2015) &, WEkEROBFEENICBTLEYy 7 X
v —) ZLBIBIZEESF, SOt (AT AE
(jineterismo) | ®»—FHHIE LTHWY FIFTwb, AT
VAEELIE, AL VEEOHTH F 2 — VA DFERET
» Y, BHAERDHEABOLR & BERERE 723w
FRE & THMR R IR 25 2174 2 RS
bo BENPOEPTHZEDL LD RFE LY
LREOLDET, BENOLZ VT 7 Tk fFAEL
2o FATNEDPOTATZKRY « F - T ANV F2—
NAeRTFa (B RerFI (Kt LAEAOH
BVOY Lo TV bikR%, 7225, THNIEEY
BRBPRRLEIERZ LD o72OTIE WDy AT Y AE



(&, WA LV AR LR A ORETfE I o
7219904E R D F 2 — N OFFFIMIBEIC BV THBIL, A
CHEMEE > 7288 TH 5. HEABRRELHHS
NBHMEE, BIZIZEEETIEINRY FAL F 2 7R R—
¥ —~DOF v TREOHED, F2—/YAIZ&->TiE—H
GOMEED EAEED H D13 EIBED E 72D
L otk (FICEBED W) LY eIV T
LTkt sua, x5 &ot(&mm%w)

LA L, 19904FEREFIC OFE L S0 L 72 BUFIC
;%kﬁﬁ&ﬂb%ib#ﬁbht%%,9&<t%%
HMIZIEFRELCBA LTS, %%ﬁm%ﬁ’@ﬁ@
B EFHM LB, A Y2k - F - 7 AVHER
JEBIZFDORFIER SN, T/f?)l/ﬁ‘ﬁ%gbf:kbw)
B L DEHORLIERTE RD o2 MAT, K
THRRLTRARICBIT2EH2rH b, BUEOH ¥ =k
VT T AVERRLE AT Y AEONE L CHET
5T ERBYTII RV, BT F (2013) b F, BA
i%@ﬁtﬁﬁm% LAHHPT, AVRY - F - TR

LRV EICHEIZE L O TTHERPEo TV AH E

*H?I%L“Cb\éo

DLEDSRATIIZE A B E 2 5 &, ¢ﬁ®%“i;b%%
Wb $hbh, VR Y - F - 7 ANVIBERM
%ﬁﬁﬁﬁ@i%f%%hétﬁ@%&@#,%ht%
FEMT - SR AT A Ui S 2 R L, Hi:
BTAT YT AT 4 ZRIMT 5 AL LE D, v
INTH %, AfigTIE, BIEHET VL ADFERIC
Tém7myl7b@%%%mﬁb,ﬁﬁ#l—nﬁ%
CBWTHY ZEHESBOFIEZHSNITT 5, €D
BE, FRICHLENEED, R, SO =MIE, S 518 [Fa—
N OBIRICENESRTHILET, HVRY T
TAVDBFROL BN EBEREIFEHMDITT 5,

2. WIBHESADEREY - v VT —J &S

NI 2RY T - TAVEZZDHROERELEO—D
ﬁ,ﬁﬁ:%%LtﬁﬁﬁﬁT&éou@7UV17F
X, WARLZZEMEBICL EEST, HIERE & B2
WzAlEL, TORREIETLIII =T FEOWN
DAL LTMNEDSITFONTWS, 2F ), 22 TIE[ZE
WMOEE | Tldze < [ZEMiz @ Uzt aEE ] 2ERS
NTWb, 29 L7HIIIMARIICER SN, X N —
& (RS IBRAL % 520 72 A % RS O A 2 12

Barittyac L] 2R LHMO—DE LTHELT
Wb,

COMEEAIE, Fa— e EROREN TR
ERTDE B b F 2 —/N1L19594E D
K, BEH - EHROBERA SO E % F)E &
LTE&THY, HEMPFEEOBWHSERI AT
Bo 7205, ZOWERIIERWIIALSEZH1EED
E)%bDTHL, DFN)—FHTIE, BUENEWERSR
%Eﬁ@ﬁéﬁkk@&ﬁ%@%Lwaé &b,
EEEM Y ST 29 8% 13, 72 L SRS (K
iR EHR R E) THoTh, MG YR
REKAEEINE Vo Z-BULBEERE DT @ E L ) KL %
B2 ENELL RV, ZOMR, £ oK, I/
CHBEN LT 7R AR VEE M oS EE 1, E
WML A, N—I1AT > CHEOEBZ N2, #HE
ZEI2D Lo I HE I R R SR BY IC A 5 121
TR ATER GV, EICX o THRM SN EM P AR —
ViR EOACT T T T NIAFET B, £ OERIBUZR
ENTHY, EROFEIKAF L T D &) HilEIHDH
b0

) LBRETRIS, AV kY - F - T ALVEL
ALIREE~D 7 7 & X % i RIS 2 [+ 5+
T4 T%%EM] E LTEELREE S Tnd, RS
NBTUrTMELHIIhz), BHPHEI LIRS
WEIEBS N TV D, BEHISIZLITO X9 2582
fThhTwb,

HEHEH LN
WAL - B1HBEH @ PRS- &b mg
DIT—=rvav T, FHRIZET 7Y ARLGBT 2
22274 DD TAT T A
EotEH 5y TOT T4 T4
EATIEH A ECIE 77 R, #EiCE
FUHF, VN, TTIVHAYET VR
HEARMEH Rkt s B L -EimE g L L
TI7T AT 4
AR AR E RO R

51T, LELoEBNEENIMA T, HEPEERNLL L
ZeFud ey bR, ORI I =T 4 L OIS
S, MBATHArE LN EE Y 2 72 N 2 ottt %
TIET BB % &, SHN RN T 07 T LA S
NTWb, PWFERT7 5 v AiEE Vo WV ERE, B

a7



48

LA >R —F>a I Vol. 4 No. 1

AT—=r7vay 7HEBINTEY, HENMED IR
iz CTWho
FEEHEOHODLFH100 A — M VIZEDHT T, 20

ICER LA XY P FICHEShTBY, oh
SIXEARICIIHITCO N2 R RTH D, NI Z
T, SBREICFHRINTOY ARV a— FEEDOT —
Ya vy THIFVInE XA UN—FiEo Tz, FHHIET
BEL DA XY MO HICEEIM L7724, Eo L0 EHE
WEIT 2 oD LFEDE S DA E T Y, ¥R
HEMI, TN—=TFTLIHiVOKEEEZL L DT
Mzt Wy v AR HHEL Tz (H53). £<
DBMED T v ADLNVIEIFFEITHE L, Bl %
BRI EREVRY, T2, AXY NOFEICh2D
59, HENIZETOTED b E 7Y = THEATE
D, ZOZEPHIBAERICHI N EHZERTHL Z &
EWEES TnWb,

Ef& 3

29 L7ziEEhE, BOBIGE 2 Mook RIS TS 44
AEfHZTVEETHIHEHSINS, BOLHALIHEDZ <
DI TIE, BOGK AT O B iAo 23 o E R % PEBR
FTHMEZEELD, AV Ry T T ANVEL LAWY
Thh, ﬁtﬂﬁ%%ofﬂﬁﬁA #ielL, ULIEH)
R DL R R > TWh,

L Ca—HfEY 2BV T, BE#AY vy 7O T
A - TR ITRIZERD L HIZHRRT W5,

[HY 2Ry F-TANIFII =T/ - T
T FTY, 4H, EAWGZENOV LD, FF
WS OB SN A%, FIROR A%, Bl
LWL R0 /N — 24T > TV N - b — T RPN 72
D, WEIZBIZY, PG OT 2 T4 T4 R
L2 FTHILENTERVALDIZDIC
VI =7 2 RgRdEHI L TY L

V—%

ZOFEFIE, ERIZL BEHHEORR ZHME L, H

WAERICHBN 2SRRI L v T ok
VT TAVOBEERETWWIIRL TS, Thb
L, ST TREMIREL LTHEINDDOTIERL,
HEMEEEERTL7-00FEEE LTHRELTWSD
Thbo

3. Z77UHRFRBDOFIHRLERHNE

WY xRV T T ANDOEREIFT S 9 Z TR
BV ) —2O D, 77V ARF 2 —NEBOEE
Thbo Fa—NIBITLFHWEBIIEHETHY, 7
M) v 7 R ERRGFERE LRSS, MRMBINCOGEE L
THATEN2T 79 A MGEO LN - SREWEAR A
CHEFNRTWE, TH LT 7 AREOFEIL, Hk
5 [BAFAL] Tid&R <, BitRichb D EFLME%
BOEL, Fa—rHEIEAFOREL LTEALTE
72

TI7VARF 2= INREHDL L, FVA VLD
YIVUTA RN GFEES) )Xo TR L TE 7,
BIZIE, B Py 7B LF 2= "OFERANL -
IT7VOBIIT 7)) hRERIIBITLFF 2 EEE
ENTW 5, DGR, 779 2 RMERIIERETH
LZANDEMZRND 2D, FURXMNOBENIHLD
W&%EmAb%é&ELf KT F Y A M E

TN, EBICERT 7)) AR E R L0 T
Hbo Tz, W=V L RBFHERT 7 MBI B HI
YA THWO TEHEED, INSIEFLT L ENENIC
Mor L7 OFEE#TIE R, LIFLIEEBELIEIBLT
Who DFDIE, 77U HICBOWTRREIN TV
0T EH) TIHLAEIN b DOTIERL, HY)

BRLBEAOEIZESTWAEEVE S, FY XM
WZLThH, TA)AKRBEIZESLHOKET, 77YHT
BEICE ) A PEHDH Y AT T 206 TlE RV,

Fa—NTRENLZT 7Y HREZHL, 7V 7T,
Nu -EFyT, TNIT, ZLTTI75CThb, hIx
Ry F T ANVE, FaYy PICIEHIC S
TR HwbD, 77 AL Y ARL T EINTZHO
MWMESN TV BIERT 7V AV —VDHbIhb
4D DFEHIHELDSCTEMAMMEL N, Th ootk RElc
WETT— PR X vb—Y, FT7V2PHIDOHED5
AR=ZAZMORL LT 5,

BRI 2 =N EGOh ) THENCBITET 7Y H



RRHIL, BEINT, MERHEORNR E > TE 72,
AN TWZET 7)) AANDFHTHLEARBEALEZLR
MDONADRZ Ve F 2 —NTIEALDR25% A E A,
FBAomMEG RILEEFDIUEL, AODOPEE K
Mz 5. Too A1) 7iEETIE, BAKI2% &
JEEIWSBE O DY v <4 h D L) RER, WGk
ILBICH@H I E LTHY) TR Y FROANL LT T
VARBANPANOZ Z 535 ) =F—F - hNTDX
I RE L Vo 72 NORE S Ve 2D &) RBARAD
DIEOFHIIIH b 6T, 77V HRFHE, MK
HBFAC I I BER R WA 2 &8 LCH Y TETRED %
WIFEN SN T Wiz, 203725 BIE, BGEELO K
MR L BB OERE) T L Th o720 Wk
kD 7 70 B RFEEANO PRI NI BAEICE S £
T GoTRBLT, €9H LHENRT oML =
NBELON, FVAMNOHY FEFHOEME LTz
MPOLE) BFHBTH L, PIZITEMEFTL L,
BRI N2 R 5 EES W &4 K2 BTk
ELT, 77V ARGFEHEE [FHETEEV] ELTE#R
DHMOBAIMZE S, BT TAHA, 2H L
EFIIT VT HREEF) A MBI 2 F5HBLL DA
WRARWZIT TR L, BUEDOEMIN R BB OEFRE b
BHLEVIEGHN LD EVZ 5,

AN TOTITI)ARFHETHRDAONTVDLDIENA
FOT—=FoThhrH, MR EDEF—7 Lo Tl
FRZHOND L) o708, FREHRLTEFE LY
ARX=V %MD LDOTIE AP o T BINTRLEREE,
YERELHOOT LN, BEAT4 TEBLTHEY
T4 T A A—=TDPEL 720 19804E LR, WD
POETI) LT 79 W RREH, FICFIV A MEED
By [Bf] oLy FuvziishzgmZ8cd Ik
JUSALDSHEATZDS, Vv <A DR ERZL L DETIR
ﬁﬁ%;@ﬁmﬁiJ%%wLOO%ﬁ%éhfwéu*
I12023)

F 2= NIZBWTIE, 19594FE D A HIIEERDS [T
MEER] #EEL, A M)y 7S EOLGE ﬁé
BIIH SNz BHEANOBENKEL EDbS72D
w%¢®%E&ET%D,::TﬂbT$ﬁ§%®%
IE2SHEE s N7z Lo L, ENLTOK4FER, # bV v
7 X225 W EZ T BRROMT, 77 HREHRITE

WERWEREZ R S Cwiz, 77 4 T L Z(2024)
&, F 2 = NOALEEBCR AR E QR IO X,
PBABFEHHOBLZHHL, 77V H%RF2—1"LE

ﬁ%ﬁ&@¢?%ﬁ%’mof%tkﬁﬂtfwéo
T, FaBEMIAEEELEIT LD, FEERIC

Uﬁ%%i%F$%%&EEJ&LT%3mLth
DTH 5%,

LLahs, 770 hRFEEIMO A ) 7EEDS b
HEHA, Fa—NIBWTHALXOHEICHFE, HL
FNTVD, ALK o722 L RMARH T H N
RHERMN LN ZRKDTI I LT 7)) A RFEHDHISE
HRERPEY, FNIME, 77V ARFHE VAT A—
VEaNN L%, HFCELVEANTRICES R h o
2o HAREHEDUROINICZIICETH, HXKE
Mbd, FEFVHIE, HFREFLRPLEOALD XL
TN =7 (BHF) #47-> Tzl w9 (Menendez
2002), AR B I ESZBATH L I LIEEMTIE
%<, HARANDIFEMEZ Y > 7)) 7 OREIC ko 72
Bl Sdsn (B 2022), [N @ EHFE] TNT,
ZOREIC THELITFZR] AP EIrNL TRV, D
Kz L v |(Menéndez 2002) & 5 X Twb X912,
PFUTFI)TRIILDET DT 7 ARERICB W THE
BAFEE ENDH LA NDORITIZL T E Vo TWRWT &L
AR EBBEBINTNDLEVIIEE, 77 AREHD
FEBRIIHFEORRTH -7 72, [FH - HIF[ERH:
Fa2—=NAD] 5% DN %D [PEHFESH] #FEEL T
Wb EHEMT] vy TR T ROGEE b H B LK
WEHEIZOFY, BEROFHZFAEIIENT S, 5
VIR OBERPERLZENOETH Y, ZoREI,
TINVAREHREF 2N RKDEHTHLH ) v
R, HDHVIETOT A Y FORBFMD, Fa—NIBw

TIEELTLLHMBWTIE W 2 BKT 5, H M v
7 OEHEEHRTHAD, BRI T7REDT 7))

HWRFHBEEERTHI LR, AN v s OHEFKLIZED
2L, Fa—n"r2ELH) THEOEEL LTIIHED
KFLDOTH 5,

72720, THLAEHAERIZS»2LLT, TTY
HRFHIH T B HEMN A A —DIIMRIRE LTHEL
720 T7VAZRTHROGROMIZEZ, HORBEMO X
I 7% b DT B BMOVERIESFEL, ThoF) X
Mg, FVRXMETHL L EEMFILESE, FY AT
BHTHHrILEXHATHLZERA—HT 250
X, LIFLIEA ) THEZICBWTALGNLEDTH A,
CORIIBWT, 77 HRFHITLIE LR [RE] T#
Bl Lol AT 4 IR ERETDITFENTE T,

ZD XD A WIRROPT, Ty LART IS

49



50

LA >R —F>a I Vol. 4 No. 1

RF 2 —NEHEER O ATITHALL, E41LT 5
222 AL L7z EOTEMBEL, 25 &SRB OBR %
L, WMBEEATGOL0L LTIRLZEICERDSD
o THRTREINEA V2F Y - 7+ T ANVOIERY
HTH D Lo TWwb, 2F 0L, [ZOTBY Y
ME, 770 0 OREHPEICBT S B L2 4EB R TR
L7ze Zhid, TN THEMGULIC X o THE LB
NTE&2bDTHY)—F bbb, ZEi-HEWLdo-
MBELLODDHVIEIHERADPHFIELEVENR) T ETH
% (Laforcade 2017: 224) 1o

EHI, AT ARV - T T ANVIIBITAFEHME,
2t HICRAET 2 O CTld % <, BURUAGMEBLCEI L T
I T2, 7)) 7 ORMEEL KRB TITH
L, THEOBEEERT AL, ANERSY V5 =12
b 2PN E MY 5 2 &R &%, HEROFEHFERIC
PR3 2 B E TH 5 (Laforcade 2017), Z FLILIHE
%5 MEMORAE] TERL, 77U HRF 22— VR
PRI ZICHEE S, BB/ G2EA LV
b,

MUT, AVRY - F - TAVET 7Y I RF2—
INEHREWE2 SRR L, EE s LT - 3
LIZIES LT 285 CTh o ZDOZEMIE, FHMNEBZL
WP BT H B L RIS, M AT BT 5L
W EHBEWERLHES, OO THATOREWERKT
Hb,

EMRBEER - g2 EORAR

AT zARY F - T ANVICBITLEZ0ORIZ, EMIE
BThbo BIERETVANF = - TUH LA, BER
BER{IC & & 69, WA, & S S5ICEEMERE e
T OREEMMERE LR Lz HEOMEMIET 79 H1
Efia ML Ladn b, FRICE 2 — N EA 0L
HEXKBLTBY, ERICL-> THIELSNZZT I T
Iy - T—=FEBIEING [N 254V
YFT4TRERHE LTHNEDS T ONS,

FthOF 2 —NICB W CEMIZER O T ICE A
M, R % SRR 2 KB S 7z — 75T, ARENCHE
MWD B CITHITRBI & e SN b RKBLL K & 520
T&7e LDDIFT7T 7Y HIRLITRES L 722500, BX
KR DZEM I HARBEH S N DA, BARTR
DI TGS 512135  OBBEDSAAE L7z, B %

WCBWTHREET, 779 7 R EHISHESEHE 2 <,
TR L LORIDT 5720CI3EER MRE Vo 28R
WEIWRTINER S %h -7 (Weener 2022) o

TV L RAOZEMITE /1, FHWERE BT OTTY
7oo BERPA 7Y L \IZHip N LD, T T oM A
R7 7)) WRBEOKE, HDHVIEFHWIRBUIIRSL
TV VRV TH B, LL, K-F 740 H—F (2017)
PRI 5 X912, 2L [FHEEMOFEET 5]
EWn) Db, [FEHESE MR L LCRIAT
5] bOTHolze 2F Y, WITE o THEEIMEMIEE
ZOHOTIERL, ULWTA Ty 7474 % KHT 5
TODORYMTETH 72wz LI,

COBRTHI =Ry - 7 - TAVOENZ, ERIE
M5 2 AW 2% SLBOR I § 2 MPLOERZ Ff o T
720 Fa—NIZBTLEME, TRCHMEEBELCH S
REEHRENDD D, 1990 48 H 12 5 2000 4E 1)
SHICT T, EIREZEMEO TR ] & [259] %8
UCCAMEMMAHE L2 L SN b, Sy EfEfko
F 2 — ORI L FEFE AT T, ZERGE)Z KT 5720
OME R EANDT 7 2 ZOWEES 1, FOIRIEE B L
L7zo (Fernandes 2006: ch.4.) L2L, I¥H L AEZ
LB EICHARTNG L&A, HL T THHMW
BRI LD TH D, OZEMIE [y ~n
=x.] (LaForcade 2017), ¥ 7 b b LEMHESHEE S 5
RN, BT AT T4 T4 BHBETHRCIGEDO %
BB ZELZONTWS,

7272L, T LA EERO BRI HH R HON BIER T
WBhhole AV R - T T AVHEICIZM A E P
NOZFEXLNEWFE LIZBEEBRENTBY, ZoHi
FF 2 ="K EDFEREDZTEINTWE.,20% 0,
PIIER E —E0HEMERL L6, EROLETIC
TEIET % 2 & &l MR 2 BIRL Tz, 2
ix, EREZEMROBRA (] 2 [1eE] o1
FVAIE SV E 2 RTIHFHITH %,

SOHITHEHTREE, EM0G )25 1R il ek &
DRV T VB HTH D, 7— MEMOWIERLEBILE
MBSO, 7uvcy b EEZHIERETH S
EFERIS, ZEMTZ OB O % M I H kS 4 HiK %2
BLTwb, ZHEEME [EROM4E] I[TEFS &
5D TIE7% <, [HIROBEME L BOGRR O TIHER
BELHMATH Y, Fa—/NIB LM RZERTHED
DOWREMEZ R EERE VR b,

2FNFLHLE, AVARY T T ANME, ki



DY) BOCE~O T — MEMSEFOWRGEINAR TIHE) 2 5 )
VIZETHEY, BHEWICERPLHV.LTWwS, ThiE
bHAHA, MihEEEONZVALTIEARL, BERWNE
LDOTH D, EMAIFIZBOTHRFMIHEE SN L

HYIZERPNAT 2R TRERF 2 —3TlE, 29
L72BIEER7ay ez bodb ) e LT—HNTIEAR
W,

LT, V2R Y - F - TRAVIIBITLENZE, H

ROALBRANOUR 2 G LoD, FHMRB LM

DVIMHDEEEZ R L72bDOTH L, ZNEHER D
FEMFEH @2, BUAW - FFENSURICB T 58P0 E B
HOEETH Y, FFICHIEEA IS Y & RFR
it % b7 o TR RE A L LTHEL T2 0D
TH5bo

4. Fa—/\EE&RmE

ZLC, “HHEZAHICHLTEBRIELRTVY
OO, TuTxy MIESTEHELROY [Fa— ]
DEHEHWRHTH LD, EHIABKEBELT—HLT, #
T ANIBTLREE [7 7Y h5#5]
“i&(FT?UﬁﬁﬁﬁJk%ﬂLf%to:hu
WHIZE S>TENDRT 7)) A OFEHTIEIRL, HLFET
F 22— NOFEHETHLILERTIZDOTHL, FEBE, T
LTI (2023) HEFDOAL VI —IZBWT [T7Y
HOFEETIE R 77 ) AERBEZFOF 2 —/\EH
Thb] Ll LTz, HODIERLEHE, 77V
BFEOERLZEEL 25, TATYTATAET 7
VAZDLDITRKD D DT, RILERLIE &
DL F 2= VHEHDOLDE LTMEDT 5 HICH 5o
MZT, Mok T—REACRZTY, AAICRZT
D, Fa—NADIFEALERMZ] L3ES. BRI
TAFYTFA T4 2RI L3I 707 AU A TIRR
BRI — M TH D, BEFEITHIHRINOERZFETE
I2Xa—n"z23LoE35I7 7 A ARGETIE, A
F R X EHS Tldh v, T TEHERDEF, &TO
N4 DEBZRMTH 50289 22 TidZe{, RILTH 5
BN R EREZ BB L TCwAETHD, 2L AR
ZZHA R R 2 722 LTh, A7z B3z 072"
EEL A LICifiAE# NG, BlZIET &7 KIZES
POWRAEHANIRZ 20, BHAPBRANIZS7-LFE-
TWwize ROZITMMP ST TS TR, whb

DS VA

WBT7UNT—Tholzd, NLWIZEZEZHOED
bz, 2F), —RAFHLEbOTT 7AW
BYALERICRA DIV 2h Y - F - TANY, BAS
FOLDOTREEVDTHSY,

[COLFORERNZHNIE, F2—1NADT 7Y%
RO ESELL, E4bL, #Bx5ZETY, &
DHI 2RV« F - TAVEWILITIE, F2—1NTHE
BEhTwa7 7)Y 7REOS T T RFH IS
7B L R ORMOBEE X TT o 7T 7RBZH
BB LI, ZooakEey s AT ks - T -
T AL, FHERY VALV o T NA D LGS &l
LT, BRIZT 7V A NV—=2OR=8EmMy, BLEgE
o TWh, #1100 X — M IViZh7258) #HDOR LT
BEM R A4 7Y 2 IZIEF BN L BRAD SN TE D, H
LOTEDL7HIZEDORTER, FHEHETERD
T%L, HEIRIC, H250IEEolcfth, KEd
LEDTHbo [ZOFERT VAL, TOREIHETS ]
Y, FHRNEREFEOETIIONLZLLDH D, 29
LIBARIEZR ATV 2Ry - F - TAVOHNTH Y,
ALoBOULTIE % <, BOLL A LIMER L2 LT
FRREMREE AR L TV EDTH %,

BEIR 72 X 912, KBS 2 THEABOERE i 5
ZEB{HLY, FNEAV =AY T T AVOHET
X, BATHIZETH IS5 L 912 (Roland 2013:
413), KR OWREHIZHITCER O 72D ITHFIEL T %,
BOLR KRN, T2 T4 T4 R REL, T— MR
i%%,FUV7%%ALTEFWf£oTw<O%@
HENRAEDTIE, ROT7 27 KOEEITmMIIEN
TWh, [BUEIERZ b ORRED 720 _mgf?o%
LB o7z, A7z boAaiEEMitess 2 &1
TEBRWTLE Yo ZEMIET—HFRENLZDOTIEDY F
AN L,

INFTRRCTEAMEY, AIXBETHYY —F—T
HolzTrHFLVADREKEDL, Tud xr MIEHITHK
ENTWVD, BATHIRDOL T L ADEER A Y
AR LT E 7295, ﬁ?1$y-“-7xwuﬁ
& DR HITTHER DS O%F %@ ZnkIHiz
%ﬁﬁ%&%%%ﬁbfwékwxéo%%,%%ﬁn
NFTTNTSE IR - v - FWOANLIIH Y =
R T T ANVIZDOWTHRRLZET A, BHAKITREL,
ERDGINTRRBRE T, PR B ZOMFIEE -
TWwize FEEMNRBELZRHOLEZZAET—ADW
Lol

51



52

LA >R —F>a I Vol. 4 No. 1

5. TTOICH AT

LGS, hY xRy T T ANVIEH LS [
b2 BOEERE LTHET 28] Tldnl, F2-—112
BUOAMHAOAL A VS F T 4 TERABT 5, £k
70T 27 FTHILIENYEnLRols ZOT T
Vs ME, ERORXNW - AR R m B N, ZE il
KRS —EDOMVIEERE L5, 77 ) AIHEIM
EFN—r 2B L eF 2O VI FT 4T - T
AT T4 742K, Fselag e Tt & L O
EFAL R TRE LT b, 512, M~k
1 - AR EBZ BB ICIT) 2 & T, ZMERHNE
R LT IR TR L, FORADE &) R
ERMELTCVZHLEETH 5,

=T, BUTORZFERER TIZB VT, ZEMeRY
WEAEEICHHTH S L IEE AR VHELFAET S,
Fa—NTEEMZEOZ THEEBBROEIE L
T, ZEMEHDS, HORTD E O EH Ll
1 - M BIROREEE 2 LT % 2 L 2RO LN TV D,
ZNREGHNTE=—2 L2, HiieERUb%E Al
T5L0TH5 (Alvarez, 2010)] & Sz, i,
[EROWNETHETRTEHF T, LA LFEMICKT
5 OIS FE %2y (Castro, 1961) ] ZRELTWAD
INCHZITHN D, Fa—NTIREHIE U CEMIE
HOBEMTICEPNTEY, FIEHETIE 2019412
fiAT S N4 34925, ZERIGE) R £ DK 7 L1200
TED TV D, FERD M L7 MR 228 25592
IEE s8N/ L, EFLLL LW E I NENAELTEX
EL722EhS, ERIZEDEMNOMADPB S SIE
MR OIS & B2 A 72 (Weener 2022; Gonzales
2023) BB L TIBEMW LRI TREL 25 Z &
LR G L % o> TWD (Martinez 2020), 72 & %
&, 2021412 R S AL 24D 725l “Patria
y Vida (fHEEAEE)" 1, DO AT —4 >~ “Patriao
Muerte (fEI2E2)" (03 2 MR R A% AD T2
bOTHY, ToOEMIIEbsF 2 —NEEDI 2 —
Ty, 440V F VKR (Maykel Osorbo) i
AP FALOIFE TR SN, FHHREZ T2, 2D
Fhx, ERIC X2 ZEMGE O ADOLBIWSEH L L
TIESIERENTBY, F2— N8B 5 EMEE O H]
BRI 28BN %56 TH %,

LAL%AS, 29 LEHIFOFEICS 20b o T,

HIO ARV« T - T AID XD BT 5O MG By A
FIHFHEL TV D I EIIERICMET 5, ARTRLASH
BliE, F a2 — NOZERCRW DS HA [ERIC X % i
M [ ) T TR R SN WS
AL TWAILERLTEY, EMoRABICBITLE
APER B EYE O T REVE 2 g IR A AL E T 5,
EHI, Zo7uaY ey MR SRHME IS LT
BRI B x5 2 TBY, W74 774
T A OFEECHE WM, S 513BDLE OmEE B
MEEURFOBRICETHESLTVWAETY, il
5 [BOEHOSLIRME | LI 3—ME W3 fHFfETH S,

BLETC, #VzAY T - T AV, EHREOHKTT
DHEMEZ REE L 2255 bRy - ARl 2 &l L 5
B, Fa—NEWOLIMMN W REMEE R T HE LG T
oo HFIDOHIZH > THRBOMEZERL, Mk e i
FRIEBLZRIITIo7ay 7 M, SHBOF2—N
SALFZED A2 53, 70— N0 2 SALBOGR R 35T S B
DBV TORBICELHETH L LEZLA725 9,

=3

1) EEIMEE, HAZEOHMEREFOE L. THESRD
AHHOMEOT EIZE B b, HETRIELSINTNS
LIFWVZ, Fa— NTIHRBRE L CEIMBIEE, R kke
HHIEASHE S, BROENAZRERMZRWTE L o
HEE L 2o TWh,

2) 20234E12 AV AR Y T T AIVHIST, WAV oN—
THhbTYT A 7+t7 (Elias Aseff) FKIZxf LD 9N
L7

3) MRLTHELE, Fa—NULkEOWDbWET Y Fay 7
W= eV EZTE R, AHOLB) 2, —HTDH
BADMAA> TOIUTRAL AL TEVIEZ S TH S,

Xk

Alvarez Pitaluga, Antonio. (2010): “La cultura y la Revolucién
cubana: 50 afios de una historia inmediata”, Revista de la
Biblioteca Nacional José Marti. 1-2, pp.76—85.

Atwood Mason, Michael. (2002): Living Santeria (Washington DC:
Smithonian Books).

Castro, Fidel. June 16, 23, and 30, 1961. http://www.cuba.cu/
gobierno/discursos/1961/esp/f300661e.html (F#& 7 7 & X
H :20254E9 121 H).

Clancy, Michael. (2002): “The globalization of sex tourism and
Cuba: A commodity chains approach”, Studies in Comparative
International Development, 36, pp.63—88.

Daigle, Megan. (2015): From Cuba with Love (California: University

of California Press).



De Laforcade, Geoffroy. (2017): “El Callejon de Hamel: Arte,
Cimarronaje y Memoria Afro-Diaspérica en Centro Habana,” in
(Campoalegre, Rosa (ed)), Mds alld del decenio de los pueblos
afrodescendientes (Buenos Aires: CLACSO).

Fernandes, Sujatha. (2006): Cuba represent (Durham and London:
Duke University Press).

Garcia, Alyssa. (2010): “continuous-moral-economies-the-state-
regulation-of-bodies-and-sex-work-in-cuba”, Sexualities, 3(2):
171-196.

Gonzalez Alvarez, Celia Irina. (2023): “No somos memorias curar el
miedo”, Horizontes Antropoligicos, 29(67).

Gutiérrez Bascon, Maria A. (2024): “Caring for Black Monuments:
Decolonial Heritage Practices in Havana’s Callejon de Hamel”
in (Malig Jedlicki, Camila; Oosterman, Andrea Naomi;
Christofoletti, Rodrigo (eds)), Colonial Heritage, Power, and
Contestation (Cham: Springer).

Martinez Rodriguez, Dianelkys. (2020): “Las politicas culturales
post-2015 la experiencia de Cuba”, Estudios sobre las Culturas

Contempordaneas, 26(52), pp.37-70.

Menendez, Lazara. (2002): Rodar el coco: Proceso de cambio en la
santeria (La Habana: Fundacion Fernando Ortiz).

Moriguchi, Mai. (2023): “The Situation of the African-rooted
Religions and Obeah Law in Jamaica and Trinidad and
Tobago”. 77 v 7 * V) #f5e4E 4k, 43, June, pp.37-67.

Ramirez Calzadilla, Jorge. (2001): “Persistencia Religiosa de la
Cultura Africana en las Condiciones Cubanas”, Catauro, 2(3),
106-127.

——(2004): “La Religiosidad Popular en la Identidad Cultural
Latinoamericana y Caribefia,” en (Quezada, Noemi (ed)),
Religiosidad popular México- Cuba, (México: UNAM-IIA Plaza
y Valdés Editores).

Roland, L. Kaifa. (2013): “Tracing Belonging Trough Cuban
Tourism”, Cultural Anthropology, 28(3), pp.396-419.

Weener, Marlinde. (2022): “Digital media and the empowerment
of Cuban musicians”, European Review of Latin American and
Caribbean Studies, 113, pp.63—87.

53



3./ — K,/ Note

Ay V7 N—UMROIEEHI IFOFDOHEER, BIFESLD
HA7 /A FERICRIZTRE

MEZBRY, AHEZ2?, Pawat Seritrakul®, Krissana Ruang-Rit”, Pattaraporn Poommarin®

1) ZHMAZRFE
2) BWAKFETHE
3) Silpakorn University, Faculty of Animal Sciences and Agricultural Technology

2B

AR, Filey v BliE LCR-RANEH S, Sffiififtassko oshzd, 22T, IR T /4 FE2aLhy 7 70—k
K (GF) ML, 240 (HC) O ELMS, Va2 s (Lye) & f-Au7 > (BC) OEMICKITT R 2Tz, EEEHOTLIX,
TGRS GF % 25% F72135.0% FH T2 IX 7213 T3 X & 7% 5E L72o WiMb2 H% 0 HC % SRk FACHHE L, BL7 H &5 SARENE L 72,
WAL52 Hi2ICHC 2 #ifx, Muavts, SUREEE: L CRBUR T L7z, kL HCTOMS, Lyc & BCOGEB L Oy A SRR ILE 4% il
L7ze XBIOMKRE & ICH BRI R D 5720 Lyc & BCOERIITIN R, TIAREKTH 700 ¥ ARMARLTIIT2 L T3 THIE A
WA, FFHCHRTHCO Lycldm <, BCId&D 5720 GF#5-1ZHC DWEE L5 ICERE L {, Lyc t BCZERXE, 20 28BN
PRI OZAI & ) B I L O W RETEAVR S 7z,
¥ A SR

F-—TU—K:AuF /AP, aruF FvrIr-—v, KE,

Effects of gac fruit powder feeding on growth, chemical composition
and carotenoid accumulation of crickets

Yoshiaki Hayashi”, Masaki Honda®, Seritrakul Pawat”, Ruang-Rit Krissana®,

Poommarin Pattaraporn®

1) Faculty of Agriculture, Meijo University
2) Faculty of Science and Technology, Meijo University
3) Faculty of Animal Sciences and Agricultural Technology, Silpakorn University

Abstract

Insects have recently gained attention as a new protein resource, with a demand for higher value-added products. Therefore, the effects of
supplemental gac fruit powder (GF), which contains carotenoids, feeding on the growth and composition of crickets were investigated, as well
as the accumulation of lycopene (Lyc) and f-carotene (BC). Basic feed was used in T1, while T2 or T3 contained basic feed supplemented
with 2.5% or 5.0% GE. Crickets were placed on the feed two days after hatching, and bodyweight was periodically measured after seven
days post-hatching. After 52 days of incubation, the crickets were starved, euthanized, freeze-dried, and pulverized without defatting. The
composition, the Lyc and BC content, and the Z-isomer ratio in feed and crickets were measured. No significant differences in bodyweight
and composition among the groups were found. Cricket’s Lyc and BC content was highest in T3 and lowest in T1. The Z-isomer ratio showed
no difference between T2 and T3, though crickets had higher Lyc and lower BC than the feed. GF feeding did not adversely affect growth and
composition in crickets. However, crickets accumulated Lyc and BC, and had potential for higher value-added production through changes in

Z-isomer ratios.

Keywords : carotenoid, cricket, gac fruit, growth, Z-isomer
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