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Abstract

The growing global demand for bioplastics highlights the need for sustainable starch
sources, and Indonesia has considerable potential for cultivating such feedstock. While
cassava has been widely promoted, there is limited scientific justification for prioritiz-
ing it over alternatives such as sago. An important distinction is that cassava is grown
on mineral soils, where many alternative crops are viable, whereas sago is cultivated
on peatlands, where relatively few crops can be grown sustainably. This study com-
pares the socio-economic benefits of cassava and sago, considering their competitiveness
against their main competing crops (i.e., corn on mineral soils and oil palm on peatlands).
For new plantations, sago generated lower farm-level benefits than cassava, with net
present values of 1534 EUR/ha and 5719 EUR/ha, respectively. However, when integrating
starch processing and environmental impacts, sago provided greater benefits than cassava
(4166 EUR/ha vs. 3555 EUR/ha). In the long term, sago may become more profitable than
cassava due to its low maintenance and lack of replanting needs. Additionally, sago offers
broader societal and environmental advantages, as it thrives on undrained peatlands, for
which few alternatives exist. This study concludes that sago, as a paludiculture crop, is a
sustainable option for bioplastic feedstock and can support peatland restoration.

Keywords: paludiculture; peatland restoration; starch; bioplastic

1. Introduction
Bioplastics, referring specifically to biobased biodegradable plastics in this study,

among various definitions [1], have been established as an alternative to fossil-based con-
ventional plastics. Produced from renewable organic materials, these plastics decrease the
dependency on fossil fuels and mitigate global waste problems. Additionally, transitioning
from fossil-based to biobased materials promotes diversified sources of energy and raw ma-
terials, reduces greenhouse gas emissions, and creates opportunities for rural and regional
development [2]. Bioplastics can be made from various natural organic materials, such as
polysaccharides (starch, chitin, lignin, and cellulose), proteins (gelatine, casein, and gluten),
and lipids (plant oils and animal fats) [3]. Among these organic materials, starch has
gained popularity as a source of biobased materials due to the abundant opportunities to
produce starch with a range of high-yielding crops and because it is the most economically
affordable material to produce with current technology [1].

Indonesia is one of the largest countries experiencing both high plastic demand and
plastic waste problems [4,5]. The rising demand for plastics is currently fulfilled with
conventional plastics, which are still dependent on imported raw materials [6]. Moreover,
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these plastics mostly accumulate in rivers, coastal areas, and open seas. Transitioning to
bioplastics is crucial as they enable end-of-life management options (such as biodegrada-
tion) that are not possible with conventional plastics, offering a promising pathway to
mitigating the plastic pollution crisis and better plastic waste management [7]. Currently,
bioplastic products that are widely available in the Indonesian market are those made
from cassava starch [8]. On the other hand, there is a high demand for cassava as a food
staple, and local production has not been able to meet the demand. Between 2014 and
2023, Indonesia imported an average of 257,483 t of cassava starch net per year [9]. The
increase in the population’s demand for starch as food leads to competition between food
and biomaterials [1]. Moreover, the production costs of bioplastics make the transition even
more challenging. The production costs of bioplastics can be up to 50% higher than those of
fossil-based plastics, with retail prices reaching up to three times higher [10,11]. Therefore,
it is essential to better understand the costs and benefits of diverse starch sources.

Previous research has indicated several types of starch as bioplastic materials, such
as potato, rice, and corn [1]. However, these starches are also not sufficiently supplied
domestically. One of the potential alternatives to starch sources in Indonesia which is
still underutilized is sago. The starch potential yield of sago is 25–40 t/ha/year, nearly
10 times higher than the cassava starch yield [12]. Additionally, the local demand for sago
remains low, and Indonesia has been a long-standing sago net exporter [9,13]. Sago also
faces less competition as a food source compared with cassava. In some parts of Indonesia,
people who have traditionally consumed sago have switched to rice as their primary food
source [14,15]. In terms of technical properties, sago starch plastics can substitute for
conventional plastic functions [16–18]. Bioplastics’ properties can be adjusted by adding
additives such as plasticizers or modifiers, which are comparable to cassava starch or other
starch plastics [19,20].

Furthermore, sago is widely recognized as beneficial to peatland restoration. Indonesia
has over 13 million hectares of peat [21], and most of these are currently not sustainably
used. Indonesia’s peat fires and peat oxidation are one of the major sources of greenhouse
gas emissions globally [22–24]. Sago is an ideal paludiculture plant that grows well in
undrained peatlands and remains productive even in rewetted degraded peatlands [25,26].
It offers an alternative to current plantation crops that require drainage, such as oil palm,
which leads to significant CO2 emissions through peat oxidation and increases the risk of
peat fires. Optimizing sago as a raw material for bioplastic production can reduce reliance
on fossil fuels and help restore peatlands, avoiding peatland degradation and improving
the economic benefits for local communities [25].

Given the potential for sago starch to complement or replace cassava starch as the
primary feedstock for bioplastics, it is important to compare the socio-economic benefits of
cassava and sago farming. Although some studies have explored the economic benefits
and challenges of sago farming in Indonesia [13,27,28], these studies focused solely on
comparing sago with other crops in peatlands, rather than with other comparable starch-
producing crops.

The objective of this study is to analyze the costs and benefits of sago and cassava
production, both for farmers and for society at large. Considering two different agroecosys-
tem conditions in the areas used for growing cassava and sago, this study also assesses
the opportunity costs incurred by farmers and society in growing sago compared with oil
palm on peatlands and cassava compared with corn on mineral soils. Hence, our research
questions are (1) “What is, at the farm level, the profitability of growing sago, oil palm,
cassava, and corn?”; (2) “What are the societal benefits of growing these products?”; and
(3) “How do the benefits of different crops compare in different crop management scenarios?”
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The novelty of this study lies in its integrated approach to analyzing the sustainability
of agricultural practices across different agrosystems by examining their financial and socio-
economic benefits. It is important for sustainability, given the magnitude of the challenges
faced by Indonesia. In principle, growing sago on Indonesian peatlands would address
these two issues simultaneously while also providing local employment and economic
development opportunities based on a novel application of a species endemic to Indonesia.
Understanding the benefits of sago versus its currently promoted alternative, i.e., cassava,
is therefore critically important to inform the sustainability debate in Indonesia.

2. Materials and Methods
2.1. Study Areas

This study was conducted in three locations to examine the characteristics of small-
holder cassava and corn farming on mineral soils, as well as sago and oil palm farming on
peat soils. In addition to crop production, data on processing costs and revenues for cassava
and sago starch were also collected. The study areas were selected based on their relevance
to specific crop types and geographic characteristics. For cassava and corn, data collection
was carried out on smallholder farms in Bogor Regency, West Java. Bogor was selected
because of its proximity to bioplastic manufacturers; it is also the fifth largest producer
of cassava in West Java Province [29]. Farmers in this region also cultivate corn, which
competes with cassava as a source of income. Meranti Islands Regency was selected for
sago production as it is the largest sago producer in Indonesia. While sago cultivation has
been known since the 19th century, large commercial sago plantations were not established
here until 1996 [30,31]. As oil palm cultivation was not present in Meranti Islands Regency,
data on independent smallholder oil palm producers were collected from Siak Regency,
which is geographically adjacent to Meranti Islands Regency and contains peat soils.

Figure 1 shows the study sites. It also highlights the contrasting production environ-
ments and processing methods. Cassava was grown on mineral soil. After harvesting, the
roots were peeled on the farm and transported to nearby small-scale starch mills. Starch
was extracted using traditional techniques, including washing, rasping, soaking, and sun-
drying, to produce dry starch. These methods are commonly used in smallholder cassava
processing, though soaking time and drying duration may vary depending on local weather
conditions. In contrast, sago was cultivated on undrained peat soils without the use of
fertilizers. Once mature, the trunks were harvested and cut into 42-inch logs, based on
standard local milling dimensions. These logs were tied into rafts and floated downstream
via canals to nearby sago mills. At the mills, the logs were debarked, and the pith was
rasped. The resulting pith was soaked in a circular chamber to separate the starch, which
settled in ponds. The starch was sold in wet form.

2.2. Data Collection

Primary data were collected through surveys conducted with 80 smallholder farm-
ers (20 cassava farmers, 20 corn farmers, 20 sago farmers, and 20 oil palm farmers) from
September to November 2023. The information elicited from the farmers included all costs
incurred and revenues earned under their production systems. The farmers were selected
randomly with the help of farmer group leaders or local village officials as key informants.
Surveys were conducted individually or in groups, based on the respondents’ preferences,
and all respondents were asked to provide informed consent before participating. Addi-
tionally, relevant information was obtained from scientific publications, statistical reports,
policy documents, and government reports. Specific to each crop, we only included cassava
farmers who grew cassava for starch production, corn farmers who consistently cultivated
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corn for feed, and sago and oil palm farmers with mature plants in a minimum of 1 ha of
land plots. These criteria resulted in 65 total respondents (Figure 2).

 

Figure 1. Case study locations and starch production systems in this study. (a) Case study locations;
(b) harvested and peeled cassava on the farm; (c) traditional cassava sun-drying; (d) sago logs rafted
to a mill via the canal; (e) wet sago starch in the starch collection tank.
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Figure 2. Input and output data on cultivation included in the analysis.

We collected primary data on the production processes of two small-scale cassava
mills in Bogor and two small-scale sago mills in the Meranti Islands. Initial capital costs
were estimated by the mill owners based on the current price levels for building similar
facilities. Operational and maintenance costs were based on the owners’ own estimates
and were converted to annual figures. As the exact raw material input and starch output
were generally not recorded by the mill owners, we observed seven production cycles to
compare the owners’ estimates with the actual extraction rates of their facilities. We used
the observed starch extraction rates for our calculation. However, we used the mill owners’
estimates of the mill’s annual capacity due to irregular daily inputs and the absence of
long-term production records. For sago mill rental costs, we inquired about the specific
charges that farmers must pay when renting the mills.

2.3. Analysis Framework

All benefit comparisons in our study were performed by comparing the net present
values (NPVs) of the respective crops and processes. We calculated the NPVs on a per ha
basis using the following equation:

NPV =
T

∑
t=0

Rt

(1 + r)t (1)

where Rt is the net revenue in year t, r is the discount rate (%), and T is the project time
period calculated (i.e., 25 years).

A 25-year period was selected as it aligns with the typical life cycle of the oil palm.
Monetary values were converted using the average IDR to EUR exchange rate in 2023
(EUR 1 equivalent to IDR 16,479.62).

The private discount rate was used for the financial analysis of the benefits for farmers
and companies, while the social discount rate was used to analyze the societal benefits that
would impact society as a whole (i.e., the impact of greenhouse gas (GHG) emissions). The
discount rates used are explained in the following subsections.

2.4. Analysis of Benefits Received by Farmers at the Farm Level

Net revenues were calculated using weighted average inputs and outputs per ha
per year. The farm-level NPV was calculated using actual costs and revenues based on
fieldwork data, including subsidies received by farmers, which are referred to as baseline
benefits throughout our study. A discount rate of 15% was applied, based on the assumption
that smallholder farmers usually have less access to bank loans and face high interest rates
on loans.
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Investment associated with land costs and taxes was excluded since most farmers did
not own the land, in line with our objective to understand the costs and benefits of different
land uses. However, land rental costs were included, as these were one of the key factors
influencing farmers’ decisions to rent or not rent a given parcel. For farmers working on
their farms, an opportunity cost was added to labor costs to account for self-employed
labor. The opportunity cost was estimated by multiplying the number of person-days
provided by the farmers by the average daily wage they typically paid to hired workers on
their own farms. In cases where female workers were employed, their quantity and wages
were equalized to those of male workers, with two females equal to one male, as this is the
general norm.

All crop yields were converted into units of kg, except for sago, which was measured in
the number of sago trunks. Specifically, the units were converted into kg of peeled cassava,
kg of corn grains, number of sago trunks, and kg of oil palm fresh fruit bunches (FFBs).
Corn grains were assumed to have a 14% moisture content, using a 55.94% conversion rate
from corn on the cob [32], and eight sago log cuts were considered equivalent to one trunk
of sago [26].

For cassava and corn production, all inputs, prices, and productivity levels were
assumed to remain constant over the 25-year period. In sago and oil palm farming, yields
varied based on the plant’s age. However, since we did not have complete life cycle data
for these crops, certain assumptions were made. Sago was assumed to be first harvested
8 years after planting (YAPs) [33], with yields remaining constant in subsequent years. For
oil palm, a yield normalization factor [34] was applied, as detailed in Tables S1 and S2 of
the Supplementary Materials.

In our analysis, both tool and land preparation (or land clearing) costs were considered
as upfront investments, with expenses being spread evenly over the period they provided
agronomic benefits. Tool purchases were depreciated on a straight-line basis over each
tool’s useful life, and land preparation was amortized to match each crop’s cycle (annually
for cassava and corn, 25 years for oil palm, and 100 years for sago). We applied the same
principle to seedling and planting costs for sago and oil palm, recognizing these expenses
only in year 1 but spreading them over the stand’s useful life. All other operating costs,
such as labor, maintenance, and inputs, remained constant each year, except for harvesting
expenses, which were incurred only during harvest years.

We also compared the benefits of all crops in the absence of subsidies to explore the
impact of subsidies by using market prices. Corn farmers received subsidies for seeds,
fertilizers, pesticides, and government-provided machinery, including tractors and post-
harvesting equipment. When no machinery was given to the corn farmers, it was assumed
that the farmers incurred costs for renting the machinery. In cases where cassava farmers
were officially ineligible for subsidized fertilizers, they reportedly benefited from subsidized
fertilizers by using fertilizers subsidized for other crops, albeit at higher prices than the
official subsidized rate, but still lower than the prices of non-subsidized fertilizers. In
contrast, sago and oil palm farmers did not receive any subsidies.

2.5. Analysis of the Social Cost of Carbon Dioxide (SC-CO2)

We focused our analysis on the SC-CO2 resulting from crop cultivation. We calculated
GHG emissions based on direct and indirect emissions in the form of nitrous oxide (N2O)
and carbon dioxide (CO2) from synthetic fertilizer and manure inputs using the Tier 1
2019 refinement to the IPCC 2006 emission factors [35]. Specifically for manure use, the
marketed manure was generally a mixture of fresh poultry (chicken) manure and rice husk.
We assumed a 1:1 volume ratio of manure to rice husk, with nitrogen (N) content based
on [36]. For peatland crops (sago and oil palm), we also considered CO2 emitted from
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peat oxidation as a result of peat drainage [37]. The Indonesian government regulation
requires plantations on peatlands to maintain a water level not lower than 40 cm below
the peat surface, so we used this assumption in our calculation. All GHG emissions were
converted into global warming potential (GWP) relative to CO2 (CO2eq) over a 100-year
horizon [38]. Table S3 in the Supplementary Materials provides the variables used in the
SC-CO2 analysis.

CO2 emissions were then valued using the US EPA SC-CO2 2025 at 43 EUR/tCO2eq.
We applied a social discount rate of 3% for a 25-year period, which is in line with the
discount rate used for the US EPA SC-CO2 estimation.

We did not have data to analyze two associated risks of peatland drainage, i.e., soil
subsidence and fires. These aspects are discussed in qualitative terms in the Section 4.

2.6. Value Added and Net Societal Benefit

In assessing the value added, we calculated the benefits of further processing yields
up until the furthest reachable market in the study areas, still in their primary products,
which included processing cassava roots into cassava starch, sago logs into wet sago starch,
and oil palm FFBs into crude palm oil (CPO). CPO production also generated palm kernels
(PKs); thus, these outputs were also included in the value added to CPO production. Only
corn grains were produced in their final product form and sold to the end users (poultry
farms); thus, no further value added could be derived from this crop.

As this study focused on understanding how land management decisions lead to eco-
nomic benefits across the agricultural value chain and how these benefits can be expressed
on a per ha basis, we translated the benefits generated by the processing mill for each crop
into the benefits per ha of cropland (NPVperHa). This was achieved by first calculating
the mill’s NPV at full capacity over a 25-year period (NPVmill) and then converting this
value to land productivity. To perform the conversion, we multiplied the NPVmill by the
crop’s productivity (A) and divided it by the mill’s raw input per year (I), as shown in the
following equation:

NPVperHa = NPVmill ∗
(

A
I

)
. (2)

Fieldwork data provided the basis for most of the value-added calculations for all
crops, except for FFB transport and CPO production data, which were sourced from
the literature. FFB transport and ramp costs for the intermediary process were based
on [39], with the nearest commercial CPO mill approximately 100 km away. All costs were
converted to 2023 figures using the consumer price index (CPI). CPO price was based on
the 2023 daily Malaysian Palm Oil Board (MPOB) average, and PK price was based on
the average PK price in Riau Province. The discount rate applied was 6%, in line with the
interest rate set by the Indonesian Central Bank in 2023. This discount rate was lower than
typical farmer lending rates, as companies generally have greater access to capital.

The net societal benefit was calculated by combining farm-level benefits without
subsidies with the value added of the yield process and subtracting the SC-CO2. Specifically
for sago, the societal benefit only accounted for the benefit in the mill owner scenario.

2.7. Optimum Yield Scenarios of Sago and Oil Palm Farm-Level Benefits

Under ideal conditions, 278 clusters of sago palms per ha can yield 136 trunks annu-
ally [33]. Based on these ideal farming conditions, we developed three scenarios to analyze
the benefits of improving the yield to the potential optimum level of sago cultivation
compared with oil palm on peat soils.

The first scenario involved calculations with mature sago plants. The average age
of the sago palms in our study was over 33 years. Sago palms are planted only once and
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can yield for an extended, nearly unlimited period. Given this characteristic, this scenario
focuses on the benefits of mature sago plants under the existing conditions. This scenario
is unique to sago, as oil palm does not share the same long-term productivity without
replanting requirements.

The second scenario assessed new sago and oil palm production in optimal yield
conditions. Two yield scenarios were tested for sago: achieving 50% of the optimum yield
(O50 scenario, 68 trunks) through manual labor input based on [40] without fertilizers, and
achieving 90% of the optimum yield (O90 scenario, 122 trunks) with fertilizer application
based on Jong and Flach [41]. Fertilizers are best applied during the dry season when the
water level is below the peat surface and with circular soil piles around sago clusters to
prevent fertilizer washout.

Under optimal agronomic conditions, 150 oil palms can produce up to 25 t of FFBs
per hectare annually on peatlands [42,43]. For oil palms, the baseline data show that the
yield already exceeded 50% of the optimum potential yield; therefore, only the 90% yield
scenario (O90) was analyzed for oil palm with fertilizer use based on Khasanah and van
Noordwijk [44], RSPO [42], and Woittiez et al. [43], and with labor estimates based on
Castellanos-Navarrete et al. [45]. Labor requirements for oil palm fertilization (two person
days per ha per year) were also used as a proxy for sago fertilization labor.

Lastly, we assessed the benefits of improving the yield of existing mature sago plan-
tations. We proportionally allocated the input costs of both old and new clusters to the
O50 and O90 scenarios. As we found 154 clusters per ha in our study, 55% of the opti-
mum scenario input costs were allocated to current mature plots, and 45% were allocated
to newly planted sago. More details of the scenario are provided in Section S3 of the
Supplementary Materials.

3. Results
3.1. Costs and Revenues at the Farm Level

We found that farmers using mineral soils generally earned higher annual returns
compared with those using peat soils (Table 1); however, this was accompanied by greater
annual expenditures. Cassava and corn cultivation involved notable costs linked to inputs
and operations throughout the growing season. On peatlands, sago and oil palm farmers
experienced high costs primarily during the initial planting phase, with lower costs there-
after. Harvesting costs for these peatland crops were only incurred once the maturation
period began. Sago cultivation was characterized by particularly low maintenance costs, as
it requires minimal inputs and no fertilizer or pesticide use. In addition to selling sago in its
raw form, sago farmers could rent a sago mill and sell their yield in starch form. In this case,
the sago mill rent was 16.08 EUR/t of starch produced, and farmers still needed to cover
the operational costs (e.g., labor, fuel, etc.). The sago palms belonging to our respondents
ranged in age from 11 to over 40 years, with an average yield of 36 trunks per year. The oil
palms were generally younger—between 5 and just over 20 years—with an average yield
of 14.9 tonnes of fresh fruit bunches (FFBs) per year. Detailed data on the inputs and yields
are provided in Table S9 of the Supplementary Materials.

Corn farmers received direct government subsidies for seeds and pesticides, covering
almost one-fifth of their annual costs. They were also the only farmers eligible for subsidized
fertilizers (Table S10 of the Supplementary Materials), reducing an input cost that would
otherwise account for roughly two-fifths of their overall expenditure. The subsidized
fertilizers in 2024 were Urea and NPK fertilizers, while Profenofos was an insecticide
provided by the local government for corn farmers in the study area. The subsidized
fertilizers were intended for use in the cultivation of rice, corn, soybeans, chili, onions, garlic,
sugarcane, cacao, and coffee. Cassava farmers were not officially entitled to subsidized
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fertilizers, but occasionally accessed supplies intended for other crops. Without access to
these subsidized fertilizers, the fertilizer costs for cassava farmers would increase by more
than 60%.

Table 1. Average annual revenues and costs at the farm level based on input and output data of all
crops (EUR/ha).

Revenue or Cost Cassava Corn Sago ** Oil Palm **

a b a b

Revenues 1905.2 1905.2 3085.5 3085.5 887.3 1346.3
Fixed costs

Land clearing or preparation 287.6 287.6 127.5 * 248.8 1.3 *** 16.9 ***
Tool 14.7 14.7 14.6 * 15.6 3.7 5.8

Membership 0 0 11.6 0 0 0
Tool maintenance 0 0 0 0 0 3.4

Land rental 73.0 73.0 120.4 120.4 0 0
Variable costs

Seed/seedling + planting 70.1 70.1 30.6 * 215.2 2.3 *** 17.6 ***
Fertilizer 330.7 * 532.0 286.9 * 912.8 0 205.7
Pesticide 29.5 29.5 79.3 * 101.1 0 50.6

Maintenance labor 215.0 215.0 230.2 230.2 29.2 193.2
Harvesting + post-harvesting 0 0 500.2 500.2 119.2 233.7

Fuel 0 0 45.9 45.9 0 0
Transport 0 0 84.8 84.8 0 0

Note: Cassava and corn farmers greatly benefited from subsidies, as shown in column a. Column b shows
non-subsidized costs. * Subsidized inputs. ** The inputs and outputs for sago and oil palm differ annually
depending on age. The values provided here are average values across all farms at varied crop ages. *** Land
clearing and Seedling + planting costs for sago and oil palm were incurred only in the first year of the planting
cycle and depreciated or amortized over the respective crop cycles.

In addition, corn farmers benefited from government support for modern agricultural
equipment, particularly machinery used for land preparation, such as tractors, hand-
seeders, and corn strippers, provided through farmer groups. This support accounted for
nearly 10% of their total costs. Without this support, they would have needed to rent similar
machinery or hire additional labor for land preparation. All corn farmers were members
of farmer groups, as subsidies were channeled exclusively through these groups, which
required payment of a membership fee. This fee was generally used for tool maintenance,
which meant that individual farmers did not bear the maintenance costs themselves.

We found substantial variations in revenue and costs, particularly for corn cultivation.
Corn revenue mainly varied due to differences in productivity (yield). Membership costs
also showed considerable variability, primarily because there was no minimum fee imposed
by the farmers’ group; instead, farmers were required to pay a fee at harvest time based
on their willingness and yield. Fertilizer costs varied significantly, as they depended on
each farmer’s capital, which in turn affected yield. Additionally, there was considerable
variation in harvesting, post-harvesting, and transport costs. Farmers who sold corn on
the cob did not process it further and typically sold their yield on the farm, whereas those
selling corn in grain form processed it by stripping, drying, and transporting the dry grain
to buyers. These different practices contributed to high variability in associated costs.

In comparison, less variability was observed for cassava. However, fertilizer costs
showed moderate variation due to differing farming practices. For peatland crops (i.e.,
sago and oil palm), only moderate variation was noted, primarily in harvesting costs for oil
palm due to differences in timing and location. Costs increased when fewer harvesters were
available and on farms located farther from main roads (a detailed figure on the revenue
and costs is provided in Figure S1 of the Supplementary Materials).

3.2. Benefits Received by Farmers at the Farm Level

Based on the baseline net present value (NPV), mineral soil crops generated much
higher benefits than peatland crops (sago and oil palm) over the 25-year planting period.
As annual crops, corn and cassava had a positive cumulative discounted benefit from
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the beginning, while sago and oil palm required 9 and 12 years before turning positive,
respectively (Figure 3). Corn was the most profitable crop overall, with an NPV nearly
three times that of cassava and more than six times that of sago. Tables S11 and S12 in the
Supplementary Materials provide details on the cash flows for all crops.

Figure 3. Farm-level cumulative discounted benefits. (a,b) The baseline farm-level benefits, (c) the
farm-level benefits when government subsidies were excluded for mineral crops, and (d) the benefits
received by sago farmers when they rented the mill and sold starch instead of sago logs compared
with oil palm cultivation.

On peatlands, oil palm was slightly more profitable than sago. Despite sago’s mini-
mal maintenance requirements, oil palm offered a shorter time to first harvest, requiring
three years compared to eight years for sago. It also had a much more frequent harvesting
cycle, with harvesting occurring every two weeks, while sago was harvested only once ev-
ery one to two years. Several oil palm farmers in our study had previously cultivated sago
but shifted to oil palm as declining yields made sago less viable. This decline was linked to
peat drainage in surrounding areas for oil palm and acacia plantations, which dried their
plots and reduced sago productivity. However, new oil palm farmers consistently favored
oil palm over sago, primarily because of its earlier returns and more regular income from
frequent harvests.

Figure 3 also illustrates that farm-level benefits for crops grown on mineral soils were
heavily influenced by government subsidies. The most significant decline occurred in corn
farming, where the NPV dropped by 46% when subsidies were excluded. This considerable
difference shows that the high benefits of corn farming are highly dependent on subsidies.
The exclusion of subsidies led to a 47% increase in total costs, primarily due to the need
to purchase seeds and rent mechanized equipment, such as tractors, corn strippers, and
electric sprayers, along with considerably higher fertilizer expenses. Cassava cultivation
was only impacted by fertilizer subsidies. Even without access to subsidized fertilizers,
cassava remained a more beneficial starch source than sago.

Comparing the starch crops, sago’s profitability was lower than cassava’s due to
its lower productivity and long maturation period before the first harvest. Cassava pro-
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vided a stable annual net benefit of 885 EUR/ha/year, while sago had a lower benefit of
732 EUR/ha/year, which did not start until year 8. Nevertheless, sago farmers could rent a
sago mill and sell wet starch instead of sago logs. This mill rental scheme could increase
the farmers’ NPV by 71%. However, the availability of rental sago mills was limited, as
mill owners usually prioritized processing their own sago over renting out their facilities.

3.3. Social Cost of Carbon

Table 2 outlines the annual CO2 emissions and the social cost of carbon (SC-CO2) for
each crop system. Sago cultivation was the only farming practice that did not emit CO2

emissions from external inputs (fertilizers). Sago with no fertilizer inputs and no drainage
on the peatlands potentially creates a net-zero carbon balance. However, we used the
IPCC [46] emission factor for sago plantation of 2.2 t CO2eq/ha/year (from CO2 and CH4)
for moderate estimation. In contrast, oil palm cultivation on peatlands generated high
CO2 emissions. Although emissions from fertilizer use were low, the emissions from peat
oxidation were extremely high compared with other crops. These results show that peat
drainage leads to notable carbon emissions, even under regulated water-level management.

Table 2. Annual GHG emissions from fertilizer use and peat oxidation, and the corresponding
SC-CO2 values from all crop production.

Emissions Source Unit Cassava Corn Sago Oil Palm

Manure t CO2eq/ha 0.5 1.0 0 0.0
Urea t CO2eq/ha 1.5 2.3 0 0.5
NPK t CO2eq/ha 0.2 0.8 0 0.2

Dolomite t CO2eq/ha 0 0 0 0.1
Peat oxidation t CO2eq/ha - - 2.2 48.6
Total emissions t CO2eq/ha 2.2 3.6 2.2 49.5

SC-CO2 EUR/ha 95.1 174.3 91.7 2105.0

3.4. Value Added Created and Net Societal Benefit

All outputs from the raw material processes in our value-added analysis (starch, corn
grains, and CPO) were the final products, except for wet sago starch. Wet sago starch could
be further processed into dry starch; however, the wet starch produced in our study area
was sold to a large buyer who exported it to Malaysia. Due to limited information on the
subsequent supply chain, we limited the value-added calculation for sago processing at
this point. There used to be an option to produce dry starch after an integrated processing
facility was built in the area, which could convert 1 kg of wet starch into 0.5 kg of dry starch
(3.9 t/ha) with a 79.75% starch content and a 15.77% water content. However, the facility
had ceased its operations by January 2024.

All costs and revenues in the product value chains per ha of crops are presented
in Table 3. Processing of oil palm FFBs into CPO achieved the highest NPV of
16,078 EUR/ha, with 7632 EUR/ha accrued to the middle trader. The FFB value chain
included FFB collectors locally known as “peron”, as independent smallholder oil palm
farmers could not sell FFBs directly to oil palm mills [47]. Only delivery order (DO) hold-
ers, usually the perons, were allowed to supply FFBs to the mills. CPO production also
generated palm kernels (PKs), which were sold separately, further contributing to the pro-
duction revenue. In contrast, sago mills generated a lower NPV, with 4228 EUR/ha for the
mill’s owner.
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Table 3. Costs and revenues in value-added analysis.

Initial Costs Fixed Costs Variable Costs Output Reference

Cassava starch processing

Building EUR 15,170 Fuel and
maintenance EUR/year 615 Cassava input kg/year 480,000 Starch output kg/year 120,000 This study

Washing machine EUR 152 Starch transport EUR/year 1129 Cassava price EUR/kg 0.10 Starch price EUR/kg 0.55
Rasping and sieving

machines EUR 379 Mill’s operation EUR/year 4733

Grinding machine EUR 440 Cassava peeling and
carrying EUR/year 7565

Whitener EUR/year 328
Starch bag EUR/year 386

Sago starch processing

Building, machines EUR 15,777 Maintenance EUR/year 728 Sago log input trunk/year 2808 Wet starch
output kg/year 640,224 This study

Mill operation EUR/year 6022 Sago log cost EUR/trunk 24.43 Wet starch
price EUR/kg 0.18

Fuel EUR/year 2314 Wet starch transport EUR/year 1942
Rental scenario cost EUR/year 10,295

Log peeling EUR/year 2726
Log handling EUR/year 1363

Wet starch packing EUR/year 2758

CPO processing
Building, machines EUR 5,662,830 Production costs EUR/year 2,461,485 FFB input kg/year 150,000,000 CPO output kg/year 36,000,000

[48–51]FFB cost EUR/kg 0.14 CPO price EUR/kg 0.78
PK output kg/year 7,050,000
PK price EUR/kg 0.33

FFB collection and transport
Operation and
maintenance EUR/year 30 FFB quantity kg/year 15,426 FFB selling

price EUR/kg 0.14 [39]
Transport costs EUR/year 84 FFB buying price EUR/kg 0.09
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Meanwhile, cassava starch milling provided the lowest value added, with an NPV of
only 794 EUR/ha. Due to high production costs, where approximately 98% of the revenue
was spent on milling expenses, the low profitability of cassava starch production made
small-scale cassava mills particularly vulnerable to market fluctuations.

Considering the integration of farm-level benefits, value added, and SC-CO2 as societal
benefits, the results show that sago starch production, which includes both crop cultivation
and starch processing, provided the highest net societal benefit among all crops (Figure 4).
A considerable shift was observed in the case of CPO production. Despite having the
highest financial benefits, more than three times those of sago starch, the net societal
benefit became negative when the FFBs were sourced from oil palm plantations on peat
soils. This outcome was primarily driven by the extremely high SC-CO2 associated with
peatland drainage.

Figure 4. Net societal benefits per ha of crop, combining benefits at the farm level (without subsidies),
the value added of the final product, and the social costs of carbon (SC-CO2).

The findings also reveal a marked contrast between crops grown on mineral and peat
soils. On mineral soils, cassava and corn production generated relatively high farm-level
returns compared with the value added from downstream processing, and the associated
emissions remained below the farm-level benefits. In contrast, crops cultivated on peat
soils displayed lower farm-level benefits relative to their value-added benefits. This was
particularly evident for oil palm, which showed substantially lower farm-level returns.
Moreover, the emission costs for oil palm were approximately 21 times greater than its
farm-level benefits. This highlights the low productivity but considerable environmental
burden associated with peatland-based agriculture.

3.5. Optimum Yield Scenario of Sago and Oil Palm Farm Level Benefits

Surprisingly, increasing the productivity of newly planted sago to 90% of its optimum
yield (scenario O90) did not result in a higher NPV than scenario O50 (50% of sago optimum
yield) (Figure 5). This outcome was largely due to the higher costs of fertilizers and labor
needed in scenario O90 to achieve maximum yield. The high cost of fertilizers and their
uncertain effectiveness due to high water table conditions limit their benefit. In comparison,
scenario O50 led to a 25% increase in NPV over the sago baseline. Both newly planted
sago scenarios (O50 and O90) outperformed the oil palm baseline, and increasing oil palm
yields to the O90 level resulted in a significantly higher NPV than either sago scenario. This
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suggests that, over a 25-year period, newly planted sago is unlikely to surpass oil palm in
financial performance.

 

Figure 5. Sago and oil palm cultivation within optimum yield scenarios. ‘Mature sago’ refers to a
mature plantation with productive sago palms, while ‘New sago’ refers to newly planted sago palms.
O50 denotes a scenario with 50% optimum yield, and O90 denotes a scenario with 90% optimum
yield. For oil palm, only the newly planted palms within the 90% optimum yield scenario (oil palm,
O90) are included, as current productivity already exceeds the 50% (O50) threshold.

Figure 5 further illustrates that existing mature sago plantations, representing long-
term agricultural farming, demonstrated considerably higher benefits than oil palm on
peatlands. The NPV of mature sago more than doubled that of sago at baseline, despite
being achieved without any management improvements. When improved to 50% of the
optimum yield (scenario O50), mature sago produced an NPV nearly twice as high as that
of oil palm under its optimum yield scenario (O90). These findings highlight the long-term
profitability of sago cultivation, suggesting that it can outperform oil palm on peatlands
over time. Notably, none of the sago farmers in our study expressed willingness to convert
their mature sago to oil palm, unless productivity had declined, as occurred in some oil
palm plots previously planted with sago, where surrounding areas had been drained to
support other crops. Nonetheless, when comparing across soil types, crops cultivated on
mineral soils (i.e., cassava and corn) remained more profitable than sago on peat soils.

4. Discussion
4.1. Uncertainties and Limitations

The main limitation of this study is the potential bias in farmers’ self-reported data,
particularly recall bias, as no records of productivity were kept by farmers. This may have
led to misreported costs, revenues, and labor inputs. Farmers often overestimate small plots
and underestimated larger ones [52]. Additionally, multiple harvest cycles, such as one in
which oil palms were harvested at two-week intervals, may have introduced uncertainties
in yield estimation. While smallholders in Indonesia generally prefer a two-week harvest
interval for oil palm fresh fruit bunches (FFBs), various factors can extend the actual interval,
with an average of 17 days reported [53]. However, some studies suggest that recall bias
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does not always have a significant impact on the reliability of agricultural data [54,55].
While these limitations should be considered, the findings offer useful indications, and
further research could help improve data accuracy.

There is also uncertainty in valuing the opportunity cost of self-employed work. Self-
employment is common on small-scale smallholder farms where the owners and their
family members provide the labor. In our study, we incorporated costs associated with
self-employment by assuming that the time (person-day quantity) and costs were similar
to those they would incur if hiring paid workers. In reality, the farmers may work longer
than hired workers, who often work for less than a full day. This is supported by the
fact that paid workers are typically paid below the regency minimum wage. Our study’s
assumption of equivalent labor costs between self-employed and hired workers might,
therefore, lead to an underestimation of actual labor costs, particularly for crops grown
through labor-intensive cultivation, such as cassava and corn.

High levels of uncertainty also result from the social cost of carbon dioxide (SC-CO2)
used in the analysis. Our SC-CO2 was very conservative, as the most recent studies
suggest a much higher SC-CO2. The latest US EPA SC-CO2 suggests 176 EUR/tCO2eq
(190 USD/tCO2eq), while others suggest 171 EUR/tCO2eq (185 USD/tCO2eq) with a 2.2%
increase per year [56,57]. However, in a developing economy like Indonesia, it is more
appropriate to use lower carbon costs to avoid overestimating the cost of CO2. Additionally,
the monthly average carbon price in 2024 ranged between 3.57 and 3.74 EUR/tCO2eq
(58,800–61,587 IDR/tCO2eq) in the newly developed Indonesian carbon exchange. We
noted that this was still very low compared with the carbon price found on other carbon
markets. For example, in the EU Emissions Trading System (EU ETS), the average price in
2024 was 64.74 EUR/tCO2eq.

We were also aware of the uncertainty surrounding the calculation of CO2 emissions
associated with peat drainage. Our assumption that oil palm cultivation had an average
water level 40 cm below the peat surface was very conservative, as in reality, this rarely
happens, particularly in smallholder farms (e.g., [58]). Smallholder farmers generally
have limited capacity to manage water levels, avoid flooding during the rainy season,
and maintain high yields. On many farms, the drainage may often be deeper than 40 cm.
Therefore, we may have underestimated the CO2 emission rate from drainage peatlands.

We also did not include the emissions of mechanized machine use, such as in land
clearing or land preparation and post-harvest processing, due to the difficulty in quantify-
ing the actual fuel used during the process. Generally, mechanized agricultural processes
involve contract-based payments, i.e., paid per ha or yield quantity. Moreover, fertilizers
add a substantial greenhouse gas (GHG) burden. Our results show that fertilizer appli-
cation alone generates large on-farm GHG emissions, and these emissions might further
increase once the upstream emissions from fertilizer and pesticide production are included,
as shown in previous life cycle assessments on agricultural practices [59,60]. Additionally,
the emissions from the process after crop products left the farm were not included. From
the supply chains, oil palm would have more emissions than others due to the intensive
mechanized land clearing process and the extensive transport involved, especially the
transport of the FFBs to the crude palm oil (CPO) mill. Meanwhile, sago, given that
the cultivation process was generally manual, with only short-distance starch product
transport involved, would have the least fuel emissions. In semi-mechanized starch pro-
duction, sago starch has lower emissions compared with cassava starch, 37.9 kgCO2eq/t vs.
292 kgCO2eq/t, respectively [61]. Applying life cycle assessment (LCA) enables a more
comprehensive estimation of emissions and environmental impacts across the agricultural
supply chains [62] and is therefore recommended for future research to better understand
the full environmental implications of each crop.
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We did not include the costs of other impacts associated with peat drainage, such as
peat subsidence and peat fires, due to a lack of available data. However, these impacts have
been widely studied and are known to have significant consequences. Peatland subsidence
occurs due to compaction, consolidation, and oxidation of drained peatlands [37]. This
process lowers the peatland surface, making it more prone to flooding during the rainy
season. Seasonal flooding significantly affects oil palm productivity. For example, a
flood impact model indicates that in current plantation practices in Sumatran peatlands,
oil palm production could decline by 21% within 30 years, during the early part of the
second cycle [63]. As the peat surface becomes lower than the levels of surrounding
water bodies (e.g., rivers), the risk of flooding from these sources increases, leading to
nearly permanent inundation. Permanent flooding may occur even after just one oil palm
plantation rotation [64]. At this point, oil palms die, rendering the peatlands unsuitable for
cultivation, resulting in significant economic losses for farmers who depend on peatlands
for their livelihoods.

Excessive peat drainage has also been linked to an increased fire risk [65,66]. Peat fires
in drained peatlands are a major source of air pollution, contributing to approximately
33,100 premature adult deaths and 2900 premature infant deaths annually in Sumatra and
Kalimantan [67]. These numbers indicate that peatland fires reduce life expectancy by
0.9 years and 1.2 years in Sumatra and Kalimantan, respectively [67]. The economic impact
of these fires is also substantial. During the 2004 and 2015 fire events, restoring drained and
degraded peatlands could have saved EUR 7.8 billion (USD 8.4 billion) in economic losses
related to health, crops, forests, and CO2 emissions [68]. Thus, our study only accounted
for peatland drainage’s indicative minimum societal impact.

4.2. Opportunity for Sago Starch Utilization as Bioplastic Feedstock

This study has demonstrated that, at its current low productivity, sago starch produc-
tion provides societal benefits higher than those of cassava, primarily due to the lower
emissions associated with sago cultivation and starch processing, as well as the potential
to improve sago starch production profitability. Compared with sago, increasing starch
production by scaling up cassava starch production is less attractive for cassava or starch
producers, as it requires large investments, subsidies, and high operational costs while
yielding low profitability. In contrast, sago cultivation on peatlands is not only more envi-
ronmentally sustainable but also offers economic potential if productivity and processing
improve, supporting conservation by providing economic benefits without degrading
the ecosystem.

Expanding starch production from other mineral crops such as corn and potatoes
is limited by land availability and competition with food supply [69]. In contrast, large
plots are more commonly available on peatlands than on mineral soils, making it more
feasible for farmers to scale up sago cultivation. As shown by our results, for sago to be
economically sufficient in sustaining a rural household, the plot needs to be bigger than
three hectares (for a family size of four), given that in 2023 the average expenditure in the
Meranti Islands was EUR 523 (IDR 8,613,000) per capita. Having large plots on peatlands is
common as opposed to having large mineral soil plots; thus, the chance to gain sufficient
income is high [26]. Another advantage is the relatively low demand for sago as a food
source, which reduces competition between starch for human consumption and starch for
biomaterials. Currently, the demand for sago is relatively low in Indonesia, and farmers’
processing capacities are sub-optimal. Hence, our estimate for sago, based on the average
for 16 farmers, should be viewed as an underestimate of the potential revenues should the
market become more mature.
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From the perspective of society, we noted that growing cassava to produce starch
results in a high cost for the farmers, and its benefits are lower than those generated from
cultivating a competing crop, i.e., corn. However, while newly planted oil palm on peatland
generates higher benefits than newly planted sago, this advantage comes at a substantial
societal cost due to high CO2 emissions. Replacing oil palm with sago yields net benefits
for both farmers and society. Farmers can generate more income from sago in the long
term compared with oil palm on peat, and society does not bear the high costs of CO2

emissions from oil palm grown on peat. We specifically note that our analysis focuses
on smallholder cultivation of oil palm on peat, where the management of soil and water
levels is often complex for smallholders and where production conditions are generally less
favorable compared with oil palm cultivation on mineral land [43,70]. Hence, our analysis
shows that it is in Indonesia’s economic interest not to increase starch production from
cassava and instead to promote starch production from sago. In addition, replacing oil palm
production on peat with undrained cultivation of sago is also of interest to Indonesia in the
long term, since soil subsidence of peatlands irreversibly decreases long-term production
possibilities [63].

Several factors constrain the large-scale conversion of peatland use to sago cultivation.
First, the long waiting period before the initial harvest results in a prolonged negative
cash flow. Farmers without substantial off-farm income frequently borrow at planting
and then sell their sago logs at low prices (up to a 50% loss) for quick and advanced cash,
perpetuating a cycle of debt known locally as the “ijon” or “pajak” system [71]. Second,
low productivity on sago farms, mainly due to traditional farming methods, further limits
profitability. Although new sago plantations with the highest yield (as demonstrated in
the optimum scenario) could not achieve benefits as high as cassava’s baseline, in the long
term, sago has the potential to generate greater benefits, as it does not require replanting
after establishment, as shown in our mature sago scenarios. Third, the value of sago starch
per ha is relatively low, with wet starch sold at only 0.18 EUR/kg (32% of the value of
cassava dry starch). This is associated with the farmers’ lack of capacity to dry and process
sago to a higher quality. Moreover, traditional harvesting and extraction systems suffer
substantial starch loss. Up to 20% of the starch may remain in the stumps (tops and bottoms
of felled trunks) when cutting is imprecise, and mistimed harvesting (whether too early or
too late) can further reduce yields [71]. Traditional rasping methods can lose as much as
50% of the available starch during processing [71,72]. Modernizing agronomic practices,
i.e., optimized harvesting time and method, and upgrading extraction techniques would
recover these losses.

Sago can be a more beneficial crop compared with oil palm on peatland for small-
holders. However, due to sago’s long period of harvesting time and oil palm’s successful
economic returns for supported smallholdings (i.e., plasma scheme), new farmers are likely
to favor oil palm [73]. Hence, an option is to examine if money from carbon credits can be
used to compensate farmers who want to convert to sago for the long waiting time between
planting and the first harvest. The minimum compensation can be set at 732 EUR/ha/year,
based on the gross profit from mature plantations in our study, or alternatively at
889 EUR/ha/year, as estimated by [40]. Potentially, this can be combined with inter-
cropping with compatible low-growing crops or adopting agrosilvofishery. Intercropping
with short-cycle crops without drainage, such as water spinach and edible ferns, can pro-
vide income during sago’s non-productive stages [28]. Agrosilvofishery, which combines
agricultural crops, forestry, and fish farming, has shown promise for increasing both ecolog-
ical sustainability and farmers’ income. In particular, the cultivation of the pangas catfish
(Pangasius pangasius) can be combined well with agroforestry in peatlands [74,75].
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The lower cost of sago starch production could help reduce the high production costs
of biobased plastics, which remain a barrier to widespread adoption [1,76]. Improving
crop productivity and starch extraction methods could enhance the economic viability of
sago starch production without significantly increasing its price. Moreover, there is a lot of
land available to scale up sago production in Indonesia, which helps ensure price stability.
Approximately 2.6 million ha of degraded peatland (non-protected or non-conservation
forest areas) is potentially suitable for growing sago [77]. Therefore, future development
efforts for sago should focus on improving its productivity and expanding the area used
for its cultivation.

In addition to its economic advantages, sago starch also shows strong technical poten-
tial as a bioplastic feedstock. Starch physicochemical properties, including amylose content,
granule size, and gelatinization behavior, affect the bioplastic characteristics [78–80]. Sago
starch compares well with other starch alternatives: its amylose content (24–31%) aligns
closely with that of maize (22–30%), and its average granule size (32 µm) falls between
that of cassava and potato [79,81]. Moreover, its gelatinization and hot paste properties
resemble those of corn and potato starches, both of which are known to produce films with
good strength and flexibility [82]. These parallels suggest that sago starch can serve similar
functional roles in bioplastic applications.

The implications of these comparable properties are significant. As with other starches,
sago starch can be modified, through blending with biopolymers or the addition of plas-
ticizers and crosslinking agents, to enhance its thermal stability, water resistance, and
mechanical performance [17,18,78,83]. This versatility opens up a range of potential appli-
cations, from flexible packaging to disposable products, particularly in regions where sago
is locally abundant. Harnessing both the economic and technical advantages of sago could
strengthen biobased industries while supporting sustainable land use. To fully realize
this potential, future research should focus on empirically testing and optimizing sago
starch formulations.

4.3. Policy Implications

The Indonesian government has set ambitious targets to reduce waste by 30% and
manage 70% of waste by 2025, along with a specific goal of reducing plastic marine debris
by 70% by 2025 and achieving a plastic pollution-free environment by 2040. However,
by the end of 2023, 38% of waste was still leaking into the environment [84]. Despite
discrepancies in the baseline data used, which may underestimate the actual extent of
waste pollution (as shown in [85]), it is clear that large amounts of plastic are still being
discharged into the environment, posing a long-term challenge.

Household plastic packaging is the most abundant source of plastic waste [86,87],
highlighting the urgent need to accelerate the transition to bioplastics. A comprehensive
and integrated policy is needed to address this gap to prevent burden shifting. Promoting
sago starch as an alternative to biodegradable plastics could help address plastic pollution
and GHG emissions, although the extent of GHG reduction depends on the types of
additives used and the overall plastic production process, contributing to Indonesia’s
Nationally Determined Contributions (NDCs) target through economically sustainable
peatland restoration.

To reduce peatland degradation, the Indonesian government issued Presidential In-
struction No. 10 of 2011, which imposed a moratorium on new permits for the exploitation
of natural primary forests and peatlands. This moratorium was extended every two years
and became permanent in 2019 with the issuance of Presidential Instruction No. 05 of
2019. For peatland restoration to succeed, it must be accompanied by profitable and sus-
tainable peatland use that is accessible to local communities. Without viable alternative
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livelihoods, there is a risk that local communities will intensify their use of peatland forest
resources through burning or exploitation, which could lead to the failure of restoration
initiatives [88].

There is an urgent need for peatland farmers to shift from oil palm to more sustainable
undrained crops, such as sago, to reduce peatland emissions, especially since rewetted
peatlands only reach stable low-emission states after 13–16 years [28,64,89]. Substantial
emission reductions are possible if both company and smallholder oil palm plantations are
withdrawn from peatlands [90]. However, given that smallholders in peatlands generally
have low incomes, lack capital, and struggle with poverty, an immediate transition from
oil palm to sago cultivation poses challenges. To facilitate this transition, several measures
are needed. First, sago cultivation should be promoted among oil palm farmers whose
plantations are nearing the end of their productive cycles. Second, incentives should be
provided to new sago farmers, for example, through the REDD+ scheme, to stimulate
the opening of new sago plantations, particularly given the long waiting period before
the first harvest. Third, farmers’ capacity in non-drainage farming systems should be
enhanced. As highlighted in our study, current sago farming practices are often passed
down through generations, with limited knowledge among farmers of best management
practices. Implementing good agricultural practices can significantly enhance sago pro-
ductivity. Fourth, to break the cycle of debt caused by the “ijon” system and the lack of
formal financing, it is crucial to establish accessible, low-interest village loan schemes with
simple credit procedures. Strengthening the role of small-scale domestic traders through
transparent pricing and grading would also help farmers obtain cash when needed [71].
Fifth, local development projects could be co-financed by government, nongovernment,
and international partners to support sago cultivation. As shown by successful peatland
initiatives in Indonesia (e.g., [91,92]), such partnerships can mobilize capital, technical
expertise, and long-term support, in line with SDG 17. While partnerships can accelerate
peatland rehabilitation and improve socio-economic welfare [93], they require shared goals,
strong governance, and coordination to succeed [94]. Lastly, farmers’ ability to intercrop
and apply agrosilvofishery on peatlands should be improved (e.g., [90]).

Although this study is situated within the Indonesian context, the insights into the
environmental trade-offs associated with peatland use are applicable to other tropical
regions with comparable agro-ecological and socio-economic conditions, particularly in
efforts to promote sago starch as a biomaterial feedstock. Sago cultivation is one of the
missing components of sustainable agriculture on peatlands. This is especially relevant in
Southeast Asia, which accounts for nearly half of the world’s tropical peatlands and where
carbon losses from drained and degraded peatlands are among the highest globally [95–97].
In many of these areas, peatland ecosystems continue to play a vital role in supporting
local livelihoods, despite ongoing ecological degradation. In this context, paludiculture has
been proposed as a theoretically sound, cost-effective land use strategy that simultaneously
supports peatland restoration, reduces fire and carbon emissions, and contributes to poverty
alleviation [25].

5. Conclusions
The rising demand for bioplastics has raised concerns about the environmental impact,

continuity of supply, and production costs associated with large-scale starch production.
This study compared the costs and benefits of starch produced from cassava on mineral
soils and sago on peat soils, as well as the opportunity costs associated with growing corn
on mineral soils and oil palm on peatlands, focusing on the financial and societal benefits
of starch production. Our analysis highlights three key findings: first, although cassava
farming is more financially profitable at the farm level, sago offers higher societal benefits
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when value added and the cost of emissions are considered. Second, sago cultivation
supports peatland restoration by avoiding drainage. In contrast, oil palm cultivation on
peatlands requires drainage and contributes to long-term peat degradation and carbon
emissions, despite offering attractive short-term returns. Third, sago provides long-term
economic opportunities for local communities through decentralized starch processing and
reduced replanting needs. Thus, we advocate replacing cassava starch with sago starch and
promoting starch production from sago grown on peatlands. An innovative aspect of this
study is the integration of financial, social, and environmental indicators across different
agrosystems to assess the broader value of starch crops, offering a holistic framework that
can inform both national and international sustainability strategies.

To promote sago cultivation, several policy interventions are needed. These include
providing incentives to compensate for the long waiting period before the first harvest, en-
hancing current and future farmers’ capacity for best management practices and intercrop-
ping, and developing a more efficient ‘smallholder–local processing unit–trader–bioplastic
manufacturer’ value chain. Specific attention is needed for the quality assurance of local
sago processing and the optimization of bioplastic production from sago. Such measures
could position sago as a viable competitor to oil palm or other drainage crops, especially in
degraded peatlands. The transition should begin with ageing oil palm plantations and be
supported through financial incentives (e.g., REDD+), farmer training in non-drainage prac-
tices, improved access to low-interest credit, and strengthened domestic trade networks.
Encouraging intercropping and agrosilvofishery practices will further enhance resilience.
Furthermore, a clear policy framework is required to guide and accelerate the transition to
bioplastic development.
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