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Summary

Modern environmental and sustainability policy that acknowledges the linkages between socioeconomic
processes and environmental pressures and impacts, and designs policies to decouple economic activity from
environmental pressures and impacts, requires a sophisticated and comprehensive knowledge base. The
concept of industrial metabolism provides a sound conceptual base and material flow accounting — including
primary material inputs and outflows of waste and emissions — provides a well-accepted operationalization.
Studies presenting a comprehensive material flow account for a national economy are rare, especially for
developing countries. Countries such as Lao PDR face dual objectives of improving the material standard of
living of their people while managing natural resources sustainably and mitigating adverse environmental
impacts from growing resource throughput. Our research fills a knowledge gap, presents a comprehensive
account of material inputs and outflows of waste and emissions for the Lao PDR national economy, and
applies the accounting approach for a low-income economy in Asia. We present a material balance for the
years 2000 and 2015. For this research, we used data from Lao PDR national statistics and the accounting
guidelines of the European Statistical Office (Eurostat), which pioneered the use of material flow data as part
of its official statistical reporting. We demonstrate the feasibility of the accounting approach and discuss the
robustness of results using uncertainty analysis conducted with statistical approaches commonly used in the
field of industrial ecology including Gauss’s law of error propagation and Monte Carlo simulation. We find
that the fast changing scale and composition of Lao PDR material flows, waste and emissions presents
challenges to the existing policy capacity and will require investment into governance of changed patterns of
material use, waste disposal and emissions. We consider the data analysis sufficiently robust to inform such a
change in policy direction.
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Introduction

Natural resources are fundamental inputs to fuel socioeconomic systems and build up physical
infrastructure but their use results in unintended environmental consequences. Environmental and
sustainability policy needs to manage and mitigate these consequences. Global material extraction increased
approximately three-fold during the last four decades and most growth in global resource use over the past
three decades took place in Asia and the Pacific (UNEP 2010), influenced by the industrial transformation
and urbanization of the giant developing economy of China and many other emerging economies (Schandl et
al. 2017). The results in the UNEP (2016) report shed light on resource use patterns in other newly developing
nations based on internationally available data. Informing national policy, however, requires robust and

reliable information, which ideally uses locally available statistics and data sources.

The Lao People's Democratic Republic (Lao PDR or Laos) economy has long relied on primary
resources including hydropower, the mining industry, agriculture and forestry. Fast growing resource
extraction, energy production and population growth, as well as an increase in domestic resource consumption
caused a recent escalation of environmental problems in L.ao PDR. These new environmental issues of
pollution and waste have created new challenges for policy makers. Environmental policy in Lao PDR, despite
its lack of capacity, needs to deal with the speed and magnitude of increasing natural resource extraction,
increased air pollution, growing municipal solid waste and toxic waste from industries, the fast accumulation
of materials in buildings and infrastructure (in-use stocks), and climate change. The paucity of information on
the sheer magnitude of primary material extraction, waste flows and emissions presents a profound limitation
for policy makers in Lao PDR trying to address and manage the new environmental challenges. Presenting a
full set of material flow accounting indicators is a way to strengthen the knowledge base of the policy
community. It could allow for integrated policies that simultaneously address economic growth and the

mitigation of environmental pressures and impacts.

Material flow accounting (MFA) was developed to capture the movement of materials in a defined
socioeconomic system. A national MFA provides information on all material inputs to an economy from the
domestic environment, outputs from the socioeconomic system to the environment, and material exchanges
with other economies through imports and exports, compatible with the System of National Accounts at the

macro level (Eurostat 2001).

Early foundational MFA research for Austria (Steurer 1992), Japan (Japan Environment Agency 1992),
and Germany (Bringezu 1993) employed the material flow balance principle; this was also a focus of the

seminal comparative study of five industrial economies organized by the World Resources Institute (Matthews
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et al. 2000) driving the harmonization of methods. Since then, however, studies have focused on the input

side of material flow accounts.

The growing availability of national MFA data has enabled an increasing number of policies such as the
Sound Material-Cycle Society high-level policy framework in Japan (Takiguchi and Takemoto 2008), the
European Union’s Sustainable Use of Natural Resources directive, and more recently the European Resource

Efficiency Scoreboard (European Commission 2017).

A good example of the growing policy impact of MFA data and indicators in Asia is China, where the
National Bureau of Statistics of China developed a set of indicators to evaluate the progress of circular
economic development in China. This has also encouraged numerous scholarly studies in the field of industrial
ecology and enabled robust MFA measures for China (Mathews and Tan 2016; Wang et al. 2012; Huang et al.
2008; Li et al. 2010; Chen and Qiao 2001). In other developing countries, MFA has also been adopted using
both national and international statistics to show trends in resource use and resource efficiency, but again
focusing mainly on input indicators (Martinico-Perez et al. 2017; Maung et al. 2015; Raupova et al. 2014; Russi

et al. 2008; Wang et al. 2012). The output side of MFA has largely been ignored.

To address this knowledge gap and to enhance the capacity of MFA to inform environmental policy in
Lao PDR, we explore the feasibility and establish a full set of MFA data and indicators including inputs and
outputs. The new dataset created may assist the Lao PDR policy community in designing integrated policies
for economic development and the environment. The harmonization of economic and environmental
objectives have become a focus of the newly agreed United Nations Sustainable Development Goals (Griggs
et al. 2013). The new dataset also provides an essential information base for an economy characterized by

mining and energy-led economic development.

The objectives of this study are three-fold. Firstly, to establish a full MFA dataset and indicators for Lao
PDR’s economy using national statistics and country-based coefficients. Secondly, to assess the uncertainty
of the accounts using Monte Carlo simulation and to assess the sensitivity of the assumptions made in the
model. Thirdly, to inform policy makers about trends in resource use, resource efficiency, and waste and

emissions to promote the use of MFA indicators in environmental policy design.

By doing so, we provide the first comprehensive MFA dataset for the Lao PDR, as well as the first such
study for a lower middle-income country in the Asia-Pacific region. We establish an evidence base about the
relationship between material use, growth in material stocks, waste and emissions, and the role of trade to

assist policy makers to establish socioeconomic development policies to guide development in the Lao PDR
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toward a sustainable pathway. Our study also contributes to a better understanding of the feasibility and
current limitations of preparing MFA in developing countries, and reveals the influence of data quality on the

uncertainty of MFA results.

Methodology and data sources

This study applies the Eurostat compilation guidelines of 2013 to construct full material flow accounts
for Lao PDR. Regarding availability of data, we were able to compile material flow data for all years from
1988 to 2015. We calculated uncertainty values for all MFA indicators based on available statistics and
information from the literature using Monte Carlo simulation (MCS), a stochastic analytical tool. For the
calculation of material inputs to the LLao economy we relied on our previous study (Vilaysouk et al. 2017)
where the methods are described in detail. Here we focus on data and methods for the output side and
balancing items of the accounts. All indicators considered in this study are listed in Table 1, including

abbreviations, accounting rules and the data sources used for compiling the MFA.

Table 1. Full MFA indicators, accounting rules and data sources

Abbreviation Accounting identity Data sources

Input indicators

Domestic Extraction DE Lao PDR agriculture, forestry and
fisheries statistics!, energy and
mining statistics? and industry

statistics?
Imports IMP Lao PDR trade statistics?
supplemented by UN COMTRADE
Balancing items for inputs Bli, Estimated based on national data and

Eurostat coefficients

Direct material input DMI DMI = DE + IMP

Territorial indicators

Domestic Material Consumption DMC DMC = DE + IMP - EXP

Output indicators

Domestic Processed Output DPO Lao PDR waste and emission
accounts

Exports EXP Lao PDR trade statistics?
supplemented by UN COMTRADE

Balancing items for outputs Blout Estimated based on national data and

Eurostat coefficients

Stock indicators

Net Addition to Stock NAS NAS = DE + IMP + BI;, —
DPO — EXP - Bl

Other indicators

! Ministry of Agriculture and Forestry of Lao PDR (2015a, 2015b)
2 Ministry of Energy and Mines of L.ao PDR (2015)
3 Ministry of Industry and Commerce of Lao PDR (20152a,2015b)
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Physical Trade Balance PTB PTB = IMP - EXP Lao PDR trade statistics
supplemented by UN COMTRADE

Inputs indicators

As outlined in Table 1 the dataset for material inputs includes the domestic extraction of biomass, fossil
fuels, metal ores and non-metallic minerals that are further used in economic processes as outlined in
Eurostat’s MFA guide. The accounts for domestic extraction (DE), imports (IMP) and exports (EXP) used
data from national statistics provided by government agencies including agricultural, forestry, fishery, and
mining and energy statistics. Remaining data gaps were filled by using data from international organizations
and some educated assumptions were established for missing data. Eurostat’s guidelines were improved for
the estimation of grazed biomass (UNEP 2016) and construction materials using national-based factors
(Vilaysouk et al. 2017) and new methods (Miatto et al. 2017). The biggest advancement to the accounting
approach occurred for metal ores, using detailed information for mines and ore grades, and for trade
estimation techniques using unit prices and monetary values from national trade accounts in combination with
data from UN COMTRADE. All further details on accounting for material inputs indicators are discussed in
Vilaysouk et al. (2017).

Outputs indicators

In this study the outputs indicators consist of domestic processed output (DPO), exports (EXP), and
balancing items for outputs (Bl..). DPO covers all materials generated during processing, manufacturing, use
and final disposal in a socioeconomic system that are released to the domestic environment (Matthews et al.
2000). To calculate outflows, we used the most recent 2016 version of Eurostat’s MFA guide (Eurostat 2016),
which provides step-by-step guidance to estimate DPO and balancing items. Due to gaps in the data, we
accounted only for emissions to air, waste disposal, and dissipative use of products, while emissions to watet,

which are insignificant in magnitude, were not calculated.

Due to the lack of a national air emissions inventory, emissions to air were mainly compiled using the
dataset from the Emissions Database for Global Atmospheric Research version 4.3.2 provided by the
European Commission (2016). We classified the waste into two major categories, municipal solid waste
(MSW) and industrial waste (IW). We used waste generation rates from literature for major cities in the north,
south, and the capital city of Lao PDR (Babel and Vilaysouk 2016; Sang-Arun and Pasomsouk 2012; Vilaysouk
and Babel 2017) and population data from the Lao Statistics Bureau (2015) to estimate the annual MSW
generated. Industrial waste was also calculated using a similar approach using data from various studies (Babel
and Vilaysouk 2016; Khanal and Souksavath 2005). In addition to MSW and industrial waste, we classified

mining waste as another category in the DPO accounting to highlight the environmental concerns and massive
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amount of waste related to the mining sector. Policy makers in related sectors may need to allow for this.
Dissipative use of products, which basically consists of inorganic and organic fertilizer such as manure,
compost, sewage sludge, and pesticides, was estimated based on the coefficient provided in the Eurostat
guidelines (Eurostat 2016). Explicit step-by-step explanations for the estimation of DPO are shown in section

1 of the supporting information.

Balancing Items

Balancing items, as the name implies, is the additional indicator in MFA for balancing materials on the
input and output sides. Generally, these indicators are reported in specific tables and atre not included in the
accounting of MFA aggregate indicators (Eurostat 2016). Balancing items are important when the NAS is
calculated as the balancing of inputs and outputs. Balancing items are required both on the inputs and outputs

sides.

Balancing items for inputs (Bli,) consist of oxygen for combustion processes and respiration of humans
and livestock, nitrogen for the Haber-Bosch process, and water requirements for the domestic production of
exported beverages. In our study, only oxygen for combustion processes and respiration of humans and
livestock were accounted for Bli,. Balancing items for outputs (Bl..) were calculated for the amount of water
vapor from combustion of energy carriers, gases and vapor from humans and livestock respiration. Bl;, and

Bl,.. were estimated mainly based on the coefficients provided in the guidelines (Eurostat 2010).

Derived National MFA Indicators

The derived national MFA indicators considered in our study are indicators calculated from the material
flow balancing principle of the MFA model, including direct material input (DMI), domestic material
consumption (DMC), and last but not least NAS. Following is the explanation of the indicators and the

calculation rules as seen in Table 1.

DMI is developed to quantify total direct material input to an economic system. DMI accounts only for

materials that have economic value, thus does not include balancing items and unused domestic extraction.

The DMC indicator measures apparent consumption of materials in a defined economic system. As
mentioned in Eurostat (2001), the term consumption is not defined as final consumption but instead actual
consumption in the economic system as a whole. DMC is calculated as the sum of all material extraction

domestically and total imports including raw materials, semi-raw materials, and finished products.

NAS is the indicator that measures the growth of physical stocks in a society (Eurostat 2001). The

consumption of energy and materials during the lifetime and end-of-life disposal processes of a product makes
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the NAS indicator one of the most important indicators in many industrialized countries (Krausmann et al.
2017). NAS can be calculated directly from gross additions to stocks, minus removals of stocks, or can be
indirectly calculated from balancing inputs and outputs with appropriate balancing items (Eurostat 2016,
2001). In this study, due to limitations in the data, we calculated NAS indirectly from inputs and outputs

following a material balancing approach.

Assessing uncertainty of national MFA indicators

Uncertainty commonly exists in MFA due to the nature of the data used in the accounting, for instance
various data sources, different measurement methods, and the quality of the data itself (Laner et al. 2014).
Rechberger et al. (2014) stated that “...MFA should now enter into an era where reporting uncertainty ranges
of stocks and flows is mandatory ...”. Laner and colleagues published several papers reviewing the literature
on applied uncertainty in MFA studies, and Monte Catlo simulation (MCS) was suggested as one systematic

approach to handle the uncertainty in MFA (Laner et al. 2016; Laner et al. 2014, 2015).

Some recent studies have incorporated uncertainty analysis. Krausmann et al. (2017) employed MCS in
their global dynamic stock model to propagate uncertainty of their results by assuming uncertainty ranges for
some parameters (for instance material inputs, mean of lifetime, recycling and down-cycling fraction) and the
authors suggested performing a sensitivity analysis to check for systematic errors in the assumed parameters.
Patricio et al. (2015) used the data imputation method and error propagation techniques to quantify the

uncertainty of a regional MFA study.

Generally, the dataset for compiling MFA in developing countries, including in our case, is not
completely available, and estimations and assumptions need to be made. In this study, due to concerns about
the quality of official statistics and estimated data used in the model, MCS was performed to test the
robustness of the model results. Another benefit of including uncertainty analysis in national MFA is that it
can inform practitioners at the country level which indicators influence the uncertainty of the results and need
to be carefully checked before performing the accounting. MFA results with plausible ranges also help users
in making decisions when using the indicators. The systematic step of the calculation is shown in section 4 of

the supporting information.

MCS was run one thousand times simultaneously for the entire MFA model to obtain the uncertainty
(standard deviation(c)) of DMI, DMC, and NAS. In order to perform MCS, the mean (1) of the normal
distribution, uncertainty parameter, and standard deviation (6) must be known (Rechberger et al. 2014). In

our study, we treated the model input data as the mean of the normal distribution and uncertainty ranges were
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assumed for each indicator (except for uncertainty of imports and exports) as explained in the following

paragraphs.

The uncertainty range of MFA indicators in our study was assumed following common practices of
uncertainty analysis in MEFA when uncertainty data is not available (Patricio et al. 2015; Krausmann et al. 2017;
Kovanda et al. 2008). We attribute uncertainty ranges to the indicators based on their sources. Data gathered
from official statistics was considered to be good and £10% was chosen as the uncertainty range, while data
obtained from estimation was considered to have higher uncertainty with £30% (uncertainty of DE). DPO
and balancing items were almost completely estimated based on available information (except mining waste).
The uncertainty range chosen for these indicators was based on the number suggested in literature (+15%)
(Patricio et al. 2015; Kovanda et al. 2008; Krausmann et al. 2017). For imports and exports, we calculated the
uncertainty directly based on the trade dataset from our previous study (Vilaysouk et al. 2017). Details of the
assumption approach for the uncertainty range and the Monte Carlo simulation are explained in the

supporting information.

After preparing all the data required for MCS, the MCS was performed to generate a set of random
values of DE, IMP, EXP, DPO, and balancing items using mean values and the uncertainty ranges given.
After that, the aggregated MFA indicators (DMI, DMC, and NAS) were calculated following an equation

modified from the Eurostat compilation guidelines as follows:
DMI(t) = IMP™(t) + DE*“(t) (Eq.1)

where DM (t) is DMI of MCS mc at year t, IMP™(t) is IMP of MCS at year t, DE*“(t) is DE

of MCS at year t, and cohort c=t.

The mean value of the cohort of DMI at year t was calculated as:
DMIe(t) = =X e DMIZE(2) (Eq2)

As mentioned earlier, the uncertainty ranges of aggregated MFFA indicators in this study were assumed
as the standard deviation of the normal distribution. The uncertainty of DMI (0pp; (t)) was calculated using

equation 3.

oo (©) = £ LTI, (DMIZ(©) = DMILD)* ()

The calculation of DMC[* is as follows:
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DMC™(t) = IMP™(t) + DE™(t) — EXP™C(t) (Eq.4)

where DMC*“(t) is domestic material consumption of MCS mc at year t, IMP/™(t) is imports of
MCS at year t, DE[*(t) is domestic extraction of MCS at year t, EXP[™°(t) is exports of MCS at year t, and

cohort c=t.

The NAS indicator is calculated mainly based on other indicators. The calculation was performed by

equation 5.
NAS™(t) = IMPI™(t) + DE*(t) + Bl “(t) — Bloye. (t) — DPOZ(t) — EXPI™°(t)
(Eq.5)
where Blinznc(t) and B Ioutznc(t) are balancing items on the inputs side and outputs side of MCS at

year t, and cohort c=t. The uncertainty of DMC and NAS from MCS were calculated using the same approach

as with DMI (see details of calculation process in supporting information section 4).

Sensitivity analysis of changing parameters used in the estimated indicators

In this study, we performed sensitivity analyses of changes in parameters used in the estimation of DE,
DPO, and balancing items to check the robustness of our MCS results. We included six sensitivity analysis
cases by changing the harvest factor used in estimation of crop residues, the feeding intake factor used for
estimation of fodder and grazing biomass for animals, the material intensity factor for the estimation of sand
and gravel for the DE indicator; emissions to air, solid waste, and dissipative use of products for DPO
indicators; and finally the parameter used in the estimation of balancing items. We adjusted the parameters to
the maximum by increasing +30% and the minimum by decreasing -30%, which are the maximum uncertainty
values assumed in our MCS. We did not include IMP and EXP in the sensitivity analysis due to the minor
amounts compared to the indicators mentioned above, and also because the uncertainty of IMP and EXP
were calculated directly from the dataset itself. The results of DMI, DMC, and NAS from the sensitivity

analysis were compared with the results from the MCS.

Results
Trends in selected MFA indicators from 1988 to 2015

We first present a set of standard headline MFA indicators covering material inputs and outputs. Figure
1.a shows trends in these headline indicators for Lao PDR for the years 1988 to 2015. The rapid growth in
domestic extraction of materials in Lao PDR was caused by a combination of factors, including the material

demands of infrastructure development, and material flows related to the energy- and mining-oriented



"This is peer reviewed version of the following article: [Vilaysouk, X., H. Schandl, and S. Murakami. 2018. A Comprehensive Material Flow Account for Lao PDR to Inform Environmental
and Sustainability Policy. Journal of Industrial Ecology Online first(0)], which has been published in final form at [doi:10.1111/jiec.12764]. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.

economy. Over a period of 25 years, DE grew by an order of magnitude from 11 million tonnes to about 120
million tonnes. Trade volumes have been insignificant when compared to material extraction. DMC, the most

widely used MFA headline indicator, mirrors trends in DE.

In 1988, DMC was only 11.3 million tonnes, reflecting the pre-industrial, agricultural economy of Lao
PDR, and it remained under 35 million tonnes until 2004. The year 2005 marked a spike in DMC of 71.5
million tonnes (almost doubling within one year). This coincides with the start of construction of a mega
hydropower project — Nam Theun 2 — and the opening of the large-scale Sepon copper mine in Savannakhet
Province. These very large investments into mining and energy generation capacity ratcheted up demand for
metal ores and non-metallic minerals. Note that the spike in DMC was temporary, related to investment in
the development of hydropower plants and mining operation. DMC has continued on a sharp upward trend,

reflecting the transition of the Lao economy toward export-oriented extractive sectors of mining and energy.

Domestic processed output (DPO) reflects the fast-increasing resource base of the Lao economy and
so do net additions to stock (NAS). DPO in L.ao PDR remained constant at less than six million tonnes for
more than two decades and started to grow around 2006. The structure of DPO is characteristic of the
economic development path of L.ao PDR. Since the start of the mining boom in Lao PDR, massive amounts
of waste rock and mine tailings have accumulated at mine sites, reaching 70% of DPO by 2015. DPO in 2015
was 41.1 million tonnes, of which more than 74% was industrial waste, followed by 15% of emissions to air,
7% of organic material, mineral fertilizers and pesticides, and 4% of municipal solid waste (see Figure 1.b).
The structure of DPO is perhaps atypical compared to other developing countries, and mining-related flows

are a potential source of large and long-lasting environmental issues (Koide et al. 2012).

NAS in Lao PDR in the early 1990s was around one million tonnes. This low level of material
accumulation was visible throughout Lao PDR. Houses, especially in villages, were simple and made from
local materials; road infrastructure was lacking and industrial capital mostly non-existent. As Lao PDR
transitioned to an industrial and services economy stock accumulation increased. International donors such
as the World Bank brought large investments into the road network and hydropower capacity, resulting in a
constant increase in NAS throughout the period. In 2005, the year of the mega hydropower construction
project, NAS reached its first peak at 50.7 million tonnes (neatly 70% of total DMC, see Figure 1a). NAS was
at 64.6 million tonnes in 2015, and is expected to continue to increase to fuel the development of national
infrastructure, especially the first high speed rail system in LLao PDR which will connect the southwest of

China with Lao Northern provinces and Vientiane, the capital of Lao PDR. Lao infrastructure development
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figures prominently in the plan to increase the connectedness of ASEAN economies and to enhance trade,

transport and communication.
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Figure 1. (a) Trends in selected MFA indicators and (b) shares of DPO in Lao PDR from 1988 — 2015; DSP — dissipative use of
products, EM — emission to air, IW — industrial waste, MSW — municipal solid waste, MW — mining waste

National material flow analysis and its uncertainty for Lao PDR
Figure 2.a shows the full set of material flow accounting indicators for Lao PDR for the year 2000 at
the onset of the mining and hydroelectricity growth and for the year 2015 to provide two snapshots of material

use, waste and emissions of the LLao economy. The results include uncertainty ranges obtained from the Monte

Carlo simulation.

In 2000, DE was 25.2£3.8 million tonnes and accounted for more than 72% of total inputs. Imports
were negligible at that time. Balancing items on the input side include oxygen for combustion processes and
oxygen for respiration of humans and livestock, but do not include nitrogen for the Haber-Bosch process or

water requirements for the domestic production of exported beverages.

DPO in 2000 was 5.84£0.9 million tonnes, dominated by emissions to air and the dissipative use of
products, i.e. chemical and organic fertilizers. Exports amounted to 0.3+0.1 million tonnes, which was
relatively low compared to other indicators. Balancing items are important for the calculation of NAS. The
outputs balance, including water from fossil fuels combustion and gases from respiration of humans and
livestock, is high at 18.7+2.8 million tonnes. When NAS is calculated without the balancing items, the result
is higher than the DMI of metal, non-minerals, and timber (potential stock materials) which is unrealistic.

Following the Eurostat guidelines, we thus included balancing items in our NAS accounting. From the
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balancing of the MFA in 2000, NAS was 10.0£5.0 million tonnes. These materials have accumulated in society

in the form of buildings, roads, infrastructure systems, and machinery, along with home appliances.
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Note: the size of the flows in figure does not correspond to the actual amount
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(b)

Domestic Extraction: 119.3 £ 17.2
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Domestic Materials Input: 126.8+17.2

Balance Items:14.1 + 2.1

Note: the size of the flows in figure does not correspond to the actual amount

it: million tonnes

Figure 2. Economy-wide MFA of Lao PDR in 2000, 2015
In 2015, all input indicators increased significantly. DE grew close to five-fold to 119.3%17.2 million
tonnes (see Figure 2.b). Imports grew to 7.511.0 million tonnes. On the output side DPO increased massively,
caused by mining sector extraction and associated waste flows, and was at 41.0£6.3 million tonnes. As

discussed above, the majority of DPO in 2015 was industrial and mining waste, followed by emissions to air,
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dissipative use of products, and municipal solid waste. Exports also increased rapidly, more than 16-fold
compared to the year 2000, illustrating the growing role of products from Lao PDR in international
commodity markets. About half of all material inputs accumulated in societal stocks, as indicated by a 6-fold
growth of NAS at 64.6118.6 million tonnes. Uncertainty ranges increased in line with growing material

throughput.

Material intensity and waste intensity

As Lao PDR establishes its infrastructure and industrial capital and delivers a higher material standard
of living to its people, material use will grow, as has been the case in many other Asian developing economies
(Schandl and West 2010). For such countries in transition resource efficiency, i.e. the value of GDP realized
by each unit of material use, becomes an important measure of sustainability (UNEP 2011). Material intensity
(MI) measures the amount of materials required to generate each unit of GDP. We calculate MI using an
exchange rate based GDP at 2005 prices (UNSD 2017) and DMC for resource use. The higher the MI, the
lower the resource efficiency at the level of the whole economy. Since 1988, MI in Lao PDR has aggressively
increased. It has almost doubled from 12.2 kg per USD in 1988 to 21.1 kg per USD in 2015 (see Figure 3).
The material intensity of the Lao PDR economy is an order of magnitude higher compared to the global
average and also well above material intensity in the Asia-Pacific region (UNEP 2016). The growing MI
indicates that economic development in LLao PDR during the past two decades relied on large throughputs of

metal ores and bulk materials.

The waste intensity of the national economy is expressed as DPO per unit of GDP. From 1988 to 2000,
there was a gradual improvement in the waste intensity of the Lao economy, with GDP growing faster than
the associated waste flows. Soon after the large-scale mining industries started operation, however, there was
a remarkable increase in waste intensity. From 2000 until now, waste and emissions intensity rose from a level

of 2.8 kg per USD to 8.5 kg per USD in 2013, slightly decreasing thereafter to 7.1 kg per USD in 2015.
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Figure 3. Material intensity and DPO intensity of Lao PDR
Uncertainty and sensitivity of national MFA detived indicators
The quality of MFA results depends on the quality of primary inputs data and appropriate estimation
approaches being used in estimating unavailable data. In this study, we employed a Monte Carlo simulation
(MCS) to assess the uncertainty of the model results. We found that the level of uncertainty varied for different

indicators (see Figure 4).

Figure 4(a) shows the results from MCS and sensitivity analysis of DMC indicators. As illustrated in the
tigure, from MCS the uncertainty of DMC ranges between +12% and £22% throughout the period; it is lower
at the beginning of the studied period and highest in the year 2005. Regarding the characteristics of Lao PDR,
as it is ongoing in its transition from a biomass based economy to an industrial based economy, the massive
amount of materials for infrastructure development is highly dependent on domestic materials as well as some
imports of machinery and other construction materials. DE clearly played an important role in the uncertainty
of DMC in 2005 when the amount of construction materials required, on which the amount used in the
accounting was estimated, rapidly accelerated due to many construction activities in the country. Another
aggregated indicator on the input side is DMI. Due to the small amount of imports, DMI almost mirrors

DMC (see Figure 4(c)).
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Taking the uncertainty level of DE and IMP, and EXP into consideration showed that the uncertainty
of our results was mainly influenced by uncertainty in DE. This is the general phenomenon seen in national
MFA when trading is less than DE. The Patricio et al. (2015) study also mentioned that the uncertainty of
DMC is highly dependent on the relationship between trade and materials consumption. The uncertainty of
DMI and DMC in 2015 was £14% (Figure 4(b), (d)). The recent MFA study at the country level that perform
uncertainty analysis was limited. Thus, we have to compare our results to an available study at regional level,

which had uncertainty ranges from 1.9% to 5.3% for DMI, and 4.2% to 22.6% for DMC (Patricio et al. 2015).

In order to check whether the assumptions made for DMI and DMC calculations would over- or under-
estimate, we performed a sensitivity analysis. The sensitivity analysis for DMI and DMC included sensitivity
analysis case 1(Senl), Sen2, which assumed the parameters used in the estimation changed £30%, but does
not include Sen3 to Sen6, which assumed changes in DPO and balancing items, because the calculation rule

has no relation to DPO or balancing items (see Table 1).
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Figure 4. Comparison of MCS with sensitivity analysis and Percentage different from MCS: (a) and (b) are DMC results; (d) and
(e) are DMI results; (e) and (f) are NAS results, respectively.
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By adjusting the parameters, the results of DMI and DMC from the traditional MFA model without
MCS do not seem to yield significantly different results compared to the mean and uncertainty range of MCS.
The result of Senl is higher than the upper bound of MCS by about 1% to 5% for DMC and DMI, except
for 2005, 2011, 2012, when Senl was lower than the highest range of MCS by approximately 1%. For the
results of Sen2, it was lower than the lower bound of MCS by about 1% to 4% but higher by about 9% and
6% in 2010 and 2013, respectively. By comparing all the results from the sensitivity analysis to the MCS results,
it appears that the assumptions of uncertainty ranges of DE that we made for MCS are able to handle the

sensitivity of the assumption of the parameters.

Figure 4.e shows results for NAS from the MCS as well as the sensitivity analysis. In our study, due to
limitations of the data, NAS was calculated by balancing inputs and outputs indicators of the national economy
systems boundary. Patricio et al. (2015) mentioned that most MFA studies calculated using the material
balancing approach simply did not take this into account. Following the common balancing approach, many
levels of uncertainty were aggregated into NAS, and our calculations resulted in high uncertainty. The highest
uncertainty range is more than £100% in the 1990s, decreasing to under £50% in 2000, and around *£29% in
2015 (see Figure 4.f). The high level of uncertainty indicated how much poor data quality and high uncertainty
affect uncertainty levels of NAS. The reason behind such abnormal uncertainty levels in the late 1990s is that
when low quality data such as DPO and balancing items dominate other flows in the system such as DE,
IMP, and EXP, the high uncertainty of those indicators will likely to take the lead in the uncertainty of NAS.
On the other hand, when higher quality data indicators dominate other flows, high uncertainty in estimated

data has less influence on the results, as seen in the decreasing uncertainty level of NAS in Figure 4.f.

Due to the characteristic of material flow balancing, the results for NAS from the MCS contains the
highest uncertainty among the indicators. The results from the sensitivity analysis for all cases also showed a
high level of uncertainty. With many processes and levels of aggregation of NAS indicators, high uncertainty
exists in almost all sensitivity analysis cases. With confirmation that high uncertainty exists in all sensitivity
analysis cases and MCS we suggest that using estimated data for DPO and balancing items to calculate NAS

and for the material balancing approach should be considered the least preferred option.

All the MCS results shows that when DE becomes a more important indicator in terms of supplying
resources national economic development, strong characteristics of DE such as the availability of official
statistics, and better estimation approaches, will allow practitioners and policy makers to focus on resources

targets to accelerate and improve the quality of MFA studies. This will provide valuable information to use in
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policy decisions as well as planning tools. However, considering the high uncertainty of NAS from materials

balancing, further investigation should seek other approaches for NAS accounting.

Discussion
This study represents the most comprehensive material flow account for .ao PDR and perhaps for any
Asian developing country to date. The results are relevant for environmental and economic policy in .ao PDR

in several ways.

In the context of the new Sustainable Development Goals countries have committed to establish
policies that allow for continuous increasing resource productivity (the inverse of Material Intensity indicators)
until 2030 (target 8.4 of the SDGs), progress in sustainable natural resource management (target 12.2 of the
SDGs) and waste minimization (target 12.5 of the SDGs). Our analysis shows that the I.ao economy has fast
decreasing resource productivity, i.e. it has become more material intensive over time. If the trends keep
growing at current levels, .ao PDR will fail to achieve target 8.4 of the SDGs. This is a result of economic
planning which favors an economic development path based on mining and energy generation, which is a
high-risk strategy in the context of the development needs of the country. A recent study (Hatfield-Dodds et
al. 2017) has shown that in a world that takes resource efficiency and greenhouse gas abatement seriously,
low-income and resource-dependent countries will lose economic competitiveness, and human development
and well-being will decline. .ao PDR also has quite a high per-capita DMC of 18 tonnes, compared to other
countries with same level of economic development, which translates into large waste volumes and
considerable levels of emissions at 6 tonnes per capita in 2015. Because of this, Lao PDR will also face
difficulty in archiving targets 12.2. and 12.5 despite the fact that the material-, waste- and emission-intensive
economy does not translate into a high standard of living for Lao households and also goes hand in hand with
a lack of housing and transport infrastructure. Analysis of Lao PDR’s material footprint (UNEP 2016) shows
a large gap between direct material flow indicators and consumption-based material flow indicators, indicating

the large extent to which the Lao economy and resource use services economies and consumers abroad.

An assessment of future trends in material use in the Lao economy based on the aspirations expressed
in the 8" Five-Year National Socio-Economic Development Plan (2016-2020) for GDP (Ministry of Planning
and Investment of Lao PDR 2016) and current trends in the material intensity of the Lao economy suggest

further growth in DMC and DPO and an additional decline in resource productivity.

DMC in 2025 would range from 168.5 million tonnes to 290.4 million tonnes and DPO would grow to

88.3 million tonnes. Resource productivity would continue to decline from 47 USD per tonne to 41 USD per
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tonne. Even an ambitious improvement of raising resource productivity(RP) by 50% and reducing DPO by
50% would bring DMC to 168.5 million tonnes (a 3.7% annual increase, on average). DPO will reduce by a

factor of two, and RP will increase to 71 USD per tonne (see details in supporting information).

This shows the large investment into sound environmental policies that is required in Lao PDR in the
domains of resource management, waste management and pollution control. This is a massive challenge for
the Lao policy community, which is focused on human development outcomes and earning foreign income
to finance infrastructure development and is characterized by a lack of human capacity, financial means,
knowledge gaps and weak institutions (UNEP 2013). Policy mechanisms for pollution control and waste
management will be insufficient for managing the growing environmental pressures. The integration of
environmental policies into the national economic development plan needs to be prioritized to avoid
contradictory policies and programs. Currently, Lao PDR has the Environmental Protection law (revised
2013) as key legislation to monitor and control environment-related issues generated from anthropogenic
activities, specifically from the industrial sector as well as massive urban and infrastructure development. The
Minister of Natural Resources and Environment issued a Ministerial Instruction for Pollution Control in 2015
aiming to prevent, control and reduce unavoidable pollution generated from hazardous substances and reduce
impacts in a timely manner in order to meet the Environmental Quality and/or National Pollution Control
Standards (Ministry of Natural Resources and Environment of Lao PDR 2015). Ten environment-related laws
that have been enacted to control environment-related issues (Monemany et al. 2012). In the 8th Five-Year
National Socio-Economic Development Plan (2016-2020), the Government of LLao PDR set a Ten-Year
Socio-Economic Development Strategy (2016—2025) which included environment-related policies in a total
of seven strategies, consisting of strategies on quality, inclusive, stable, sustainable and green economic
growth, strategy on sustainable and green environment with effective and efficient use of the natural resources
and strategy on industrialization and modernization. Historical trends of resource use in socioeconomic
development through MFA provide important information for policy makers in setting targets for these

strategies.

The dual objective of social and economic development and environmental integrity needs to be
supported by well-designed policies, which will include strategies for economic diversification and traditional
environmental management including waste and emission policies (European Commission 2017; Takiguchi
and Takemoto 2008). Economic diversification will allow Lao PDR to add value to its natural resources and
to engage in higher income, lower resource use activities that drive decoupling of economic growth from

accelerating material use. This promises a triple dividend of higher incomes, a better quality of life and more
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benign environmental outcomes. Material flow accounts will assist L.ao policy makers to establish high-level
targets to provide guidance and to measure progress toward improving the sustainability of materials

management in LLao PDR at the aggregate level.

The sole full MFA study in a developing country, national MFA of China in 2002 (Xu and Zhang 2007),
was chosen for comparison with the results from our study. The comparison, which was carried out in terms

of tonnes per capita, shows interesting and similar patterns of resource use in both countries (see Figure 5).

Comparing the size of the two economies in 2002, GDP per capita in L.ao PDR was 407 USD per
capita, about one third of China’s GDP. Taking resource use into consideration, DE per capita was only
4.7 tonnes in Lao PDR and it was 18.8 tonnes in China. The significant difference in DE between Lao PDR
and China was influenced by the different stage of infrastructure and economic development. Looking at
importts, they were also low for both countries, which indicated that the required amount of materials for

development in these two countries relied on their domestic resources.

Due to the higher level of industry in China, DPO, which was dominated by landfilled waste and mining
dumping, was already high in 2002, more than 14 times higher than Lao PDR in 2000. Even though mining
has already started in Lao PDR, in 2015 its total DPO was still lower than China.

The amount of materials transformed to capital stock in China was also higher in 2002, following the
trends of other indicators. Resource use acceleration in Lao PDR took place in 2003 to 2005 and the
continuous growth contributed to L.ao PDR catching up to the level of resource use in China in the early
2000s. DE per capita of Lao PDR increased to 17.7 tonnes, mainly driven by the extraction of metal ores and
construction materials. Imports and exports per capita also increased and have surpassed the level of China.
As Lao PDR was making progress in economic and infrastructure development, NAS also rapidly increased
from 1.9 tonnes per capita to 9.6 tonnes per capita. As resource use increased rapidly, especially in resource-
intensive sectors such as mining, DPO per capita increased almost six-fold. Comparing the DMC per capita
between China (UN Environment (2017) database) and Lao PDR, it shows that both countries have been
accelerated their resources consumption. If the annual growth of resource consumption in LLao PDR increase
at current level, DMC per capita of Lao PDR would likely to step-up a head China but when looking at per
capita GDP is still far behind, which is indicating an early alarm for the declining in resource efficiency in Lao

PDR.
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Figure 5. Comparison of (a) national MFA indicators, (b) GDP and DMC per capita (Note: CHI-China, LA-Lao PDR)

Limitations of study

Using all available national data and up-to-date accounting methodologies, our study yields a full picture
of material use in the Lao PDR. There are, however, limitations of our study that need be addressed in future
research. Waste data, except for mining waste, was estimated using the literature. Emissions to air, which are
becoming more important in their contribution to total DPO, were sourced from an international database.
MCS helped in identifying sources of uncertainty, but assumptions of uncertainties were made whenever
uncertainty data was not available. Hspecially for NAS calculated from the material flow balance, the
uncertainty is significant. The sensitivity analysis results show that the assumption made for the uncertainty
range of DE could handle the error of DMC and DMI by more than +30% and -30%. Improving the
knowledge base for material stocks accounting by employing direct accounting techniques would definitely
help to reveal a deeper understanding of stock accumulation in Lao PDR. All this should be considered as the
priority agenda for future work. In addition, a detailed analysis of economic sectors would further enhance

the integration of socioeconomic and environmental knowledge into the socioeconomic policies in Lao PDR.

Conclusions

This study has successfully delivered a new understanding of resource use in LLao PDR, mainly by using
national statistical data, and supplemented by international databases using up-to-date industrial ecology
knowledge. Our results show that all MIFA indicators were continuously increasing between 1988 to 2015 with
an acceleration taking place at the beginning of the 2000s. In recent decades, domestic resource consumption

has increased by almost 11 times, mainly due to reliance on domestic extraction for bulk materials and crops,
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and imports of finished products including food, construction materials and fossil fuels. Resource efficiency
in Lao PDR (21.1 kg per USD of GDP) has already surpassed regional and global levels, by factors of eight
times and 14 times respectively. The high level of MI in Lao PDR was mainly led by the extraction of bulk
materials and metals. If the Lao government were to follow the most ambitious scenario (increase resource
productivity by 50% and decrease DPO by 50%), in 2025 I.ao PDR could archive 1 USD of GDP by using
only 14 kg of materials (a reduction of almost 60%). Integrating MFA indicators into Lao PDR’s national
statistics system will require technical knowledge and financial inputs but will provide valuable information
for policy makers to monitor environmental pressure from resource use, which will support the concept of
“Green Economy” as proposed in the latest Five-Year National Socio-Economic Development Plan. MFA

indicators, at the same time, could be used to report against the United Nations SDGs.
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Section 1: Estimation of DPO

For emissions to air, Eurostat (2016) suggests using data from air emission accounts and air emission
inventories. However, in the Lao PDR such annual statistics are not available. For the air emission inventory
in Lao PDR, only the first and second national air emissions inventories reported to the UN Framework
Convention on Climate Change are available (Ministry of Natural Resources and Environment of Lao PDR
2000, 2013). The national statistics on air emissions in Lao PDR are not sufficient to construct the time series
data, thus we decided to source the data from the Emission Database for Global Atmospheric Research
version 4.3.2 provided by European Commission (2016) for the accounting of emissions to air. The database
includes time series data for CO2 emissions from 1970 to 2015, and for other greenhouse gases (GHGs) from
1970 to 2008. In our accounting, regarding the defined system boundary, we excluded emissions from short
life cycle biomass burning, large-scale biomass burning, carbon emissions/removals of land-use, and land-use
change and forestry. The accounting distinguishes 19 specific gases. CO2 data was directly sourced from the
database for the whole period but other gases during 20102015 were extrapolated from 38 years of historical
trends available in the database.

Besides emissions to air, waste disposal issues are becoming common challenges for many developing
countries including L.ao PDR. In EW-MFA, waste disposal figures are aggregated from municipal solid waste
(MSW) and industrial waste. In Lao PDR, there is no MSW database yet, although waste generation rates in
recent years are available for some major cities such as Vientiane (Babel and Vilaysouk 2015), Luang Prabang
(Vilaysouk and Babel 2017), Savannakhet, and Champasak (Sang-Arun and Pasomsouk 2012), as well as for
the country level (Ngoc and Schnitzer 2009) with figures ranging from 0.55 to 0.7 kg per capita-day. Based on
these MSW generation rates, we assumed that the generation rate was 0.55 kg per capita-day for 1988 to 2001
(Ngoc and Schnitzer 2009), and 0.67 kg per capita-day from 2002 to 2015 (Babel and Vilaysouk 2015;
Vilaysouk and Babel 2017; Sang-Arun and Pasomsouk 2012).

Industrial waste refers to undesired outputs from manufacturing processes at factories as well as at
mining sites. The amount of industrial waste is strongly related to the level of industrialization. Based on
industrial processing statistics, the main industry in Lao PDR from 1988 to the late 1990s was food processing,
while large-scale mining activities took place from 2003 onwards. In LLao PDR, industrial waste data is not
available. Khanal and Souksavath (2005) reported that waste from industries and markets accounted for 19.1%
of total waste generated in Vientiane. Based on this percentage and the total waste generated in Vientiane in
2012 (Babel and Vilaysouk 2015), we roughly estimated industrial waste in Vientiane to be 44,175 tonnes per
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year, or 60.4 kg per capita-day. This industrial waste generation rate was used to estimate total industrial waste

generated from manufacturing in this study.

Another important industrial waste in Lao PDR is mining waste. Lao PDR started a large-scale
commercial mining industry in 2003 (Sepon mine in Savannakhet Province). Based on the S&P Global Market
Intelligence database (SNL), there are more than fifteen active mining projects (including copper, gold, potash,
platinum, alumina, bauxite, phosphate, lanthanides), and four of them are operating (SNL 2017). Total gross
ores processed and commodity production are recoded in the SNL database. We calculated the mining waste
simply by subtracting total commodity products from total ores processed.

Dissipative use of products includes inorganic and organic fertilizer such as manure, compost, sewage
sludge, and pesticides. The first accounting for dissipative flows in MFA was carried out by Matthews et al.
(2000) for Japan, Austria, Germany, and the Netherlands. The systematic accounting for dissipative use of
products in Eurostat (2016) consists of organic fertilizer, mineral fertilizer, sewage sludge, compost, pesticides,
seeds, salt, other thawing materials spread on roads, solvents, laughing gas and other. In Lao PDR, agricultural
inputs, especially pesticides and chemical fertilizers, are relatively low and imported from neighboring
countries (Somsak Kethongsa 2005). In our accounting, we accounted for organic fertilizer (animal manure)
by estimating based on daily manure production coefficients. We used the manure production rate of the
smallest cattle size in Queensland (Department of Agriculture and Fisheries: The State of Queensland 2017)
as it is similar to the average size of cattle in Lao PDR. For other small animals, including pigs, goats and
sheep, and poultry, we used the default coefficients provided by Eurostat (2016). Chemical and mineral
fertilizers and pesticides are mainly imported, thus we accounted for these materials based on import data
from our trade dataset (Vilaysouk et al. 2017).

Section 2: Assumption of uncertainty in DE

MFA indicators are calculated from linear combination of tonnage of materials (Patricio et al. 2015). To
assess the uncertainty of DE, we have assigned to uncertainty for different materials at sub-category level. We
assumed the uncertainty based on data sources and estimation methods. For data obtained from statistics

reports, we assigned the lower uncertainty at = 10%. For the materials that estimated from coefficients, the

uncertainty was assumed to be = 30% (see Table S1). The data for DE was assumed to be independently from
one another. We assumed that the uncertainty remains constant all the year in the observed period. The

uncertainties at sub-category level were propagated using Gauss’s law of error propagation (Equation 1).

UDE(t) = \/Ucrops(t)z + Ocrop residues(t)z + -+ Ucoal(t)z (1)

Table S1. Assumption of uncertainty for DE at sub-category level

Material Sub-category Data source Uncertainty Range (%)
Biomass
Crops ! +10%
Crops residues 2 + 30%
Grazing and fodder 2 + 30%
crops
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Wood and timber 3 +10%
Metal

Ferrous metal ! + 10%

Non-ferrous 3 + 10%
Non-metallic 12 * 30%
Fossil ! + 10%

Note: '1ao national statistics, “estimated based on coefficients, *international statistics

Section 3: Calculation approach of uncertainty in Import-Export

Imports and Exports data used in this accounting were calculated using the conversion approach to
convert the monetary value into physical weight. The details for the conversion were discussed in (Vilaysouk
et al. 2017). We calculated the uncertainty for imports and exports using confidence interval approach. From
the “tonne price” of every transaction, we grouped this calculated “tonne price” into the same group of the
product based on HS-Code. From the group of “tonne price” of the same product, we were able to calculated
mean of “tonne price” (fI;). In the trade dataset used in our study, thete ate about five thousand products at
HS-Code 8-digits level. However, some of the products contained few transactions. For example, in the
import data set, airplane spare parts imported to Lao PDR in 2015 contained less than 50 transactions and
the price were extremely different among them. Thus, we filtered the products that have the transaction less
than 100 and ignored from the standard imports/exports deviation calculation. The uncertainty for different
products was calculated using confidence interval with 95% confidence level (Eq.1). We then calculated the
uncertainty of imports by combining the standard deviation of all products using Gauss’s law of error
propagation (Eq.2). For the exports, the same concept was applied. From the calculation, uncertainty for
imports in 2015 was + 13%, and £ 10% for exports. Due to the insignificant amount of imports and exports
in the past decade, we assumed that the uncertainty for imports and exports are the same for the observed

period.
(- ) (v 1)
l l
o; = z 196 2 (Eq.1)
Oimp = \/012 + 0,% + -+ + 0,2 (Eq.2)
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Section 4: Monte Carlo Simulation of EW-MFA

Statistics Data collection

Identify the uncertainty
of indicators

Uncertainty data not available

Uncertainty level
of dataset

available Statisticalapproach

Monte Carlo Simulation

Sensitivity Analysis

EW-MFA Results

Figure S-1. EW-MFA calculation process

Incorporate Monte Carlo Simulation into EW-MFA required additional works than tropical MFA. As
could be seen in the Figure S-1, the study started from data collection. For some indicators that the data was
not available, we followed the estimation approaches provided in the Eurostat guideline, accompanied by the
national coefficients. During data collection process, another important information that needed for MCS is
the uncertainty value of the collected data. The uncertainty value could be obtained at the same time with
official statistics data if it is available, if not other studies and some statistical approaches could be used.

After preparing the all the data required for MCS, finally we could obtain DMI, DMC, and NAS from

the equation below:
DMIF“(t) = IMP(t) + DEC(t)  (Eqs-1)

where DMIZ(t) is DMI of MCS mc at year t, IMP¢ “(t) is IMP of MCS at year t, DE7*(t) is DE of
MCS at year t, and cohort c=t.

Average value of DMI at year t than calculated as:
Y Vi 1
DMIZ(t) = n Time DMI?C(t) (Eg.s-2)

Uncertainty of DMI at year t could be obtained by:

Tou(©) = £ (LT (DMIT(6) = DMI() (Fas?
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For DMC, the calculation processes are as follow:
DMCZ“(t) = IMP}(t) + DEV(t) — EXP[*“(t) (Eq.s-4)

where DMCZ(t) is DMC of MCS mc at year t, IMPJ(t) is IMP of MCS at year t, DE¢ “(t) is DE of
MCS at year t, EXPZ“(t) is IMP of MCS at year t, and cohort c=t.

Average value of DMI at year t than calculated as:

DMC.(t) = =3, DMC™(t) (Eqs-5)
n

i=mc

Uncertainty of DMI at year t could be obtained by:

Touc(®) = £ [T (DMC(t) = DMCo() (a9

i=mc
NAS is calculated by equation s-7:
NAS*“(t) = IMP™“(t) + DE*“(¢t) + Blinznc(t) - Bloutznc(t) — DPO[*“(t) — EXPI™(t)
(Eq.s-7)
where Blinznc(t) and Bloutznc(t) are the balancing items at the inputs side and outputs side of MCS
at year t, and cohort c=t.
Average value of NAS at year t than calculated as:
NAS:(t) = 230 NASEE(6)  (Eqs)

Uncertainty of NAS at year t could be obtained by:

Owas(®) = £ |51 (NAS" (©) = NAS,(0) (Eq:s-9)
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Section 5: Assumption of uncertainty in DE

Table S-2. Sensitivity analysis parameter adjustment in each sensitivity case

Sensitivity Sensitivity Sensitivity Sensitivity Sensitivity Sensitivity

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Harvest factor +30% -30% - - +30% -30%
Feed intake for animal +30% -30% - - +30% -30%
Material intensity for estimation of +30% -30% - - +30% -30%
Sand and Gravel
Emission to Air - - -30% +30% +30% -30%
Solid Waste - - -30% +30% +30% -30%
Dissipative use of products - - -30% +30% +30% -30%
Balancing items - - -30% +30% +30% -30%

Section 6: Scenarios development to inform policymakers on future DMC, DPO, and RP for 2016-
2025

We developed three scenarios to represent the future trends of three main indicators including DMC,
DPO, and RP. We used the annual growth rate of GDP proposed by the Government of Lao PDR in latest
Five-Years National Socio-Economic Development Plan (2016-2020) (Ministry of Planning and Investment
of Lao PDR 2010) to estimate the future GDP from 2016 to 2025. Using estimated GDP and estimated RP,
DMC could be roughly estimated.

Business as usual scenario (BAU) assumed that RP and DPO will increase as the historical growth trends
from 1988 to 2015 as 9% per year, and 8% per year, respectively. Scenario RP50, assumed that RP will improve
50% and DPO will decrease 50% by year 2025 compared to 2015. For the third scenario, Scenario RP20%, it
was assumed that the RP will increase 20% and DPO will decrease by 20% within 10 years. From all three
scenarios, DMC were calculated as RP divided by calculated GDP.

The results show that in all scenarios, DMC will continuously increase. The forecasted DMC in 2025 is
range from 168.5 million tonnes to 290.4 million tonnes (see Figure 1). As proposed in BAU scenario, DPO
will be more than doubled in 2025, increase from 40.9 million tonnes to 88.3 million tonnes. In scenario RP
50 and scenario RP 20, the DPO in 2025 will decrease to 20.4 million tonnes and 32.7 million tonnes,
respectively. For RP, if L.ao PDR will follow the most ambitious target as Japan (scenario RP 50), in 2025
from 1 tonne of materials, it will generate about 70 USD (50% increase). But for Lao PDR, as country have
certainly low RP, to increase RP by 20% as proposed in scenario RP20 could be considered as achievable
target.
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