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ABSTRACT
Global wheat yields must increase to meet current and rising global
demand despite the increasing threats to production resulting from
climate change. One climate change adaptation strategy in wheat
production in the Western Cape of South Africa is conservation
agriculture (CA). Using a data set of 1,043 plot-level wheat observations
collected at Langgewens and Tygerhoek research farms from 2002 to
2020, this study conducts a stepwise Life Cycle Assessment (LCA) to
estimate the environmental and economic impacts of switching from
conventional wheat production to CA’s zero tillage (zero-till) and no-
tillage (no-till) systems. The results indicate that CA is more profitable
and has a higher environmental efficiency, than conventional tillage
wheat production. In Langgewens, zero-till and no-till are respectively
113% and 55% more efficient than conventional tillage when comparing
the environmental impact of producing one kg of wheat. Findings also
suggest that, compared to 100% conventional tillage wheat production,
the adoption of CA systems has led to reductions in environmental
damage valued between R269.2 and R402.5 million in the Western Cape.
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1. Introduction

Conservation agriculture (CA) is a climate-smart agricultural practice that aims to improve farmers’ live-
lihoods in the midst of climate change. As an alternative to conventional tillage practices, which in
some cases leads to land degradation, CA is considered a more sustainable farming approach that
internalises both environmental and economic metrics when evaluating success (Mitchell et al.
2019). Like most agricultural practices, the benefits of CA are heterogeneous across regions and
even within countries (Giller et al. 2009), with some benefits (such as increased yield) not realised
for several growing seasons. A better understanding of the holistic (environmental and economic)
benefits of CA and their respective spatial and temporal components could help increase CA adoption
in low- and lower-middle-income countries as producers often have a higher discount rate for money.
While there is extensive literature on CA and its effect on crop yields (Rusinamhodzi et al. 2011; Law-
rance, Prinsloo, and Berry 1999), little research has been conducted in monetising CA’s environmental
impacts in Sub-Saharan Africa (SSA). Economists and producers often recognise the presence of
environmental benefits from CA adoption but often fail to quantify these benefits with little to no
attempt to monetise them. A more holistic (both economic and environmental) valuation of CA
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could help producers and policymakers adopt/incentivize the adoption of CA in SSA. Further, by mon-
etising the environmental externalities of production using an LCA approach, economists extend pos-
sibilities of accounting for the social cost of environmental burdens resulting from technological shifts
in agricultural production, leading to more informed decision making in SSA food systems.

Since the 1990s, global CA adoption has increased through producer education and non-govern-
mental and governmental action to highlight the environmental and economic benefits of CA,
specifically in the face of increased climate variability (Kassam, Friedrich, and Derpsch 2019). By esti-
mating the holistic benefits CA, producers can potentially internalise the economic, agronomic,
environmental, and social benefits of adoption. Ideally, these benefits are not mutually exclusive.
Although CA has seen low adoption across Africa, South Africa has experienced a large increase
in CA adoption, specifically in dryland production areas (Kassam, Friedrich, and Derpsch 2022),
given its large-scale commercial agricultural setting and increased frequency and severity of
droughts and heat events (Archer et al. 2019). One important question in the South African
context is, has the adoption of CA benefited producers, the environment or possibly both? Or
was adoption of CA simply a product of a changing environment which could possibly reduce pro-
ducer profitability and increase the metric of “environmental damage per unit of output?”

The Western Cape province, which accounts for 60% of South Africa’s wheat production (USDA
2020), has experienced the largest relative and absolute adoption of CA. According to ARC (2021),
CA’s increased economic and ecological sustainability are the contributing factors pushing its expan-
sion in Western Cape. Previous studies have shown that adoption of CA in wheat production in
Western Cape has resulted in increased yields and profit, reduced soil erosion, and improved
water quality and soil health (Knott, Hoffmann, and Strauss 2017). CA is increasing in importance
for South Africa’s rainfed agriculture sector as it responds to the country’s low and increasingly
erratic rainfall and poor-quality soils (van Antwerpen et al. 2021).

While CA adoption has seemingly been driven by an increase in both climatic variability and
input costs, this study sets out to address if CA is more efficient from both an environmental
and economic perspective. The adoption of agricultural practices that increase marginal profitabil-
ity in the short run but could exacerbate environmental degradation and climate change in the
long run is not sustainable. Importantly, the findings presented in this study have direct relevance
to policymakers and stakeholders interested in quantifying environmental damage in the current
era of adapting food systems to global climate change. Thus, a monetisation, in Rand, of the
environmental damage per unit of output (kg of wheat) produced is a metric policymakers and
producers can internalise.

Using primary data from long-term wheat trials in Western Cape, this study uses the LCA frame-
work to examine two CA wheat production practices and their effects on changes in traditional profi-
tably efficiency as well as changes in environmental efficiency. The study uses a Stepwise Life Cycle
Impact Assessment (LCIA) to monetise conventional tillage and CA’s environmental impact in com-
mercial wheat production in the Western Cape province of South Africa. The Stepwise LCIA method
allows the holistic quantification of environmental damages of a process or product as a single score
expressed in South African Rand (R) per unit of output (kg of wheat), Quality Adjusted Life Years
(QALYs), or Biodiversity Adjusted Hectare Years (BAHYs) (Weidema 2009).

Thispaper is uniqueamongst theCA literature as it valuesand thencompares theefficiencyof switch-
ing from conventional tillage to CA (zero or no-till) wheat production from both a producer profitability
andenvironmental standpoint. Usingyearlydata collectedon1,043 trialplots from2002 to2020 in Lang-
gewens andTygerhoek research farms,wecompare Stepwise LCIA single scores for onehectare andone
kilogramofwheatproduced inWesternCapeunder zero-till, no-till, and conventionalwheatproduction.
Policymakers can use the results of this study to potentially create producer incentives inWestern Cape
and other wheat-growing areas of South Africa to adopt CA. A large contribution of this study is that
when decision-makers evaluate input-reducing research, such as CA, they should look beyond cost
savings to include increased input use efficiency and internalise the wider environmental implications
when trying to maximise agricultural production efficiency.
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2. Literature review

2.1 CA adoption in South Africa

In 2020, some form of CA was estimated to be adopted on 25% of South Africa’s cropland
(Smith 2021; Strauss et al. 2021). South Africa accounts for 51% of CA farmland in Africa
(Kassam, Friedrich, and Derpsch 2022). CA is typically implemented on large-scale commercial
production with limited adoption amongst smallholder and subsistence farming operations
across South Africa (Mudavanhu 2015). While there is spatial heterogeneity in adoption,
there is also a distinction between commercial and subsistence farming adoption rates with
CA. It was estimated that CA was adopted on just 0.84% of subsistence farms across South
Africa in 2020 (Smith 2021). The area under CA production in South Africa has increased by
366% from 2016 to 2019 (Kassam, Friedrich, and Derpsch 2022). Unlike in Europe and the
United States, where there are government programmes which incentivize CA adoption, in
South Africa adoption has been producer driven, likely a result of increased input costs and
precipitation variability.

The adoption of CA in commercial production in SSA has been traditionally associated with
reduced costs and decreased soil degradation. Additional motives for CA adoption in South Africa
include climate shock mitigation, a growing awareness amongst producers, and efforts to
improve resource management (Blignaut et al. 2015). Previous research has indicated that the
decision to adopt CA by commercial farmers in South Africa is individually-motivated, and these
adopters were not incentivized by government programmes (Findlater, Kandlikar, and Satterfield
2019). In the Western Cape province, CA adoption was also facilitated by the availability of no-till
machinery made possible in the late 1990s (Strauss et al. 2021). The higher cost for suitable planters
and the lack technical expertise were both limiting factors in early adoption of CA in South African
commercial farming (Modiselle, Verschoor, and Strauss 2015).

In 2021, Western Cape had a CA adoption rate estimated at 51% of its annual cropland, the highest
area and percentage in South Africa (Smith 2021). In the rest of South Africa, CA’s major field crops
range from maize, soybean, and sunflower to pastures, while in Western Cape, wheat in rotation
with legumes is the primary winter cropping system found under CA (Smith et al. 2017). A survey con-
ducted byModiselle, Verschoor, and Strauss (2015) suggests that 49% of commercial wheat farmers in
Western Cape implemented all three principles of CA (no or low soil disturbance, mulching, and
rotation), and another 49% implement at least one of the three CA principles.

2.2 CA and profitability in South Africa

The existing economic research in South Africa on CA has primarily focused on CA’s crop diversifica-
tion principle, which contributed to the dissemination of CA in South Africa, assessing financial
profitability in wheat production (Knott 2015; Visser 2014). In the Western Cape province, Knott
(2015) simulated a wheat farming budget over a 20 year period, demonstrating that investing in
wheat monoculture and conventional tillage led to negative present value (NPV) and internal
rates of return (IRR) below the real interest rate (2.73%). Knott (2015) also found that CA led to
varying positive IRRs and NPVs depending on the rotation option. Visser (2014) and Knott (2015)
highlight the financial implication of implementing CA principles and show that crop rotations
under CA improve wheat production profitability.

2.3 Environmental externalities of CA

Previous literature has shown that CA has the potential to provide environmental benefits in
Southern Africa when compared to conventional tillage (Thierfelder et al. 2015). Some of the
main environmental benefits can include increased water infiltration, reduced soil erosion and
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run-off, improved soil structure, increased biodiversity, improved soil, air, and water quality, and
carbon sequestration (Thierfelder et al. 2015).

Previous research by Knot (2014) quantified the environmental impact in the form of GHG emis-
sions between CA and conventional wheat production using inputs and an assumed an arbitrary
carbon tax of R120 per ton of CO2-eq. Knot (2014) found that over seven years, CA implemented
with no agrochemical inputs had a lower environmental cost compared to conventional tillage pro-
duction. The diesel requirements were the main driver of environmental damage from conventional
tillage, requiring 79% more diesel per hectare than CA (Knot 2014). While Knot (2014) provided a
valuable first insight into the effects of CA adoption on GHG emissions, environmental degradation
manifests itself in many alternative forms besides GHG emissions.

Although CA can reduce the amount of diesel requirements in production, empirical evidence has
shown that CA can increase weed infestation and CA crops can benefit from an increase in herbicides
use (Corbeels et al. 2020; Singh et al. 2015). Under CA, the efforts to control weeds in eastern Free
State, were significantly higher per hectare more in herbicides (Knot 2014). A 2015 survey of com-
mercial wheat farmers in Western Cape, indicated 60% reported increased weed control costs
while 40% spent more on pest and insects control as a result of implementing CA (Modiselle,
Verschoor, and Strauss 2015). Unlike Knot (2014), whose assessment of the environmental impact
of CA in South Africa was limited to analysing GHG emissions, LCA approaches CA’s environmental
impact more holistically providing various quantifiable impact categories and accounting for inputs
and outputs of processes and products involved in commercial wheat production.

2.4 Estimating the environmental impact of wheat production

LCA is a compilation and evaluation of a product system’s inputs, outputs, and potential environ-
mental impacts throughout its life cycle (International Standard Organization [ISO] 2006). Unlike pre-
vious studies that assumed an arbitrary value of carbon (Knot 2014) to value environmental damage
and those who only focused on carbon dioxide emissions (de Kock et al. 2018), this study uses the
Stepwise LCIA method to monetise multiple aspects of environmental damages from the production
of a specific metric (per kg or per ha) of wheat produced in the Western Cape province. Monetising
environmental damage allows policymakers, researchers, and other stakeholders to either try to
reduce environmental damage holding yield constant, increase yield while holding environmental
damage constant, or, ideally, increase yield while reducing environmental damage by increasing
the “efficiency” at turning environmental damage into a kilogram of wheat. As the Stepwise LCIA
method monetises the value of environmental damage, it is possible to capture and figure out
ways to minimise the negative environmental impacts of agricultural production. Commercial
wheat farming in South Africa provides an interesting medium for studying this environmental
“efficiency” measurement as CA has been identified as both an input reducing practice but one
which has mostly been adopted out of necessity due to climate change (Archer et al. 2019).

3. Materials and methodology

3.1 Research data and location

The Western Cape wheat data used for this study was extracted from the long-term trials database
led by the Directorate Plant Sciences of the Western Cape Department of Agriculture (DPS). The data
set is comprised of 1,043 plot-level rainfed winter wheat production observations collected at the
Tygerhoek and Langgewens research farms from 2002 to 2020 (Western Cape Department of Agri-
culture [WCDA] 2021). The individual plot size ranged from 0.5 to 2.0 ha. Each year contained data
related to each plot used in that particular year. Each plot contained information on the cropping
system, gross income and margin, prices of wheat produced during the winter season, types and
costs of wheat seed, fertilisers, amendments, fungicides, herbicides, insecticides, machinery, and
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operational field activities. Two CA systems were implemented: no tillage (no-till) and zero tillage
(zero-till). According to the ARC (2021), both no-till and zero-till in the South African context refer
to the seeder used to implement the CA system. In the case of no-till, a knifepoint opener is used
to place seed and fertiliser, while for zero-till the placement is executed with discs. One could
also describe the use of the knifepoint opener as “high disturbance” no-till and the use of discs as
“low disturbance” no-till. The production information related to conventional tillage used in this
study was sourced from Knott (2015) based on data collected at Langgewens experimental farm
between 2007 and 2013. Ideally, there would be head-to-head comparisons of CA and conventional
tillage, but this was not available for the WCDA dataset. Knott (2015) described and used three yield
scenarios for conventional wheat in Western Cape based on seasonal variations, a poor, an average,
and a good yielding year.

3.2 Environmental impact estimation

LCA was used to quantify the cradle-to-farm gate environmental impacts of producing one kilo-
gram (kg) and one hectare (ha) of wheat under CA’s no-till and zero-till on two experimental
farms in the Western Cape. Following similar environmental impact studies (Durand-Morat,
Nalley, and Thoma 2018; Nalley et al. 2016; Shew et al. 2020), the LCA aimed to elicit the environ-
mental impacts of applying the two CA systems and conventional commercial wheat production.
Comparisons were made between one kg and one ha of wheat produced under no-till and zero-
till using the LCA software SimaPro 9.1.0.8.1 (PRé Sustainability B.V.) and the Ecoinvent and Agri-
footprint databases (Durlinger et al. 2017; Wernet et al. 2016). Estimating two functional units in
LCA research (e.g., one kg and one ha of wheat) is not uncommon and depends on study’s objec-
tive (Hayashi 2013; Cerutti et al. 2013). The LCA provides an environmental cost in Rand from the
environmental externalities of producing one kg and one ha of wheat using the preceding
farming practices in the Western Cape province. Table 1 presents the impact categories included
in the current LCA.

The average yields for each farming practice at Tygerhoek and Langgewens (Table 2) were
entered into SimaPro along with their respective inputs (e.g., diesel fuel, fertilisers, amendments,
and pesticides) and amounts (per hectare) to serve in the computation of environmental damage
per kg and hectare in the LCA Stepwise analysis. The amounts of these inputs were all averaged
across year and plot by production practice. The production cost and subsequent variance in Lang-
gewens is larger (Table 2) which is explained by the larger amounts of fertilisers and soil

Table 1. Impact categories used in the LCA for CA and conventional wheat production in South Africa (Stepwise method).

Category Units Description

Carcinogens kg C2H3Cl-eq Human toxicity from carcinogens (e.g., pesticides, chemicals)
Non-carcinogens kg C2H3Cl-eq Human toxicity from non-carcinogens (e.g., heavy metals)
Respiratory inorganics kg PM2.5 eq Primary and secondary particulate emissions
Ionizing radiation Bq C-14-eq Damages to human health and ecosystems that are linked to the emissions of

radionuclides
Ozone layer depletion kg CFC-11-eq Accumulated ozone-depleting compounds emissions
Ecotoxicity, aquatic kg TEG-eq w Ecosystem toxicity associated with emissions to water bodies
Ecotoxicity, terrestrial kg TEG-eq Ecosystem toxicity associated with emissions to land
Nature occupation m2-years agri Agricultural land occupation – a proxy for effects on biodiversity
Global warming potential kg CO2-eq Accumulated greenhouse gas emissions (IPCC 2006 characterisation factors)
Acidification m2 UES Terrestrial acidification driven by acid gases; UES =Unprotected Ecosystem
Eutrophication, aquatic kg NO3-eq Freshwater and marine eutrophication driven by nutrient run-offs
Eutrophication, terrestrial m2 UES Excess nutrients on land
Respiratory organics pers*ppm*hr Human health effects from volatile organic compounds
Photochemical ozone,
vegetation

m2*ppm*hr Damage to vegetation estimated from ozone emission

Mineral extraction MJ extra Mineral extraction energy consumption
Non-renewable energy MJ primary Fossil fuel energy consumption
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amendments required. Detailed inputs for Tygerhoek and Langgewens used in this analysis are given
in Table A1.

The Stepwise LCIA method applied in SimaPro provided a combined score for both human and
environmental effects in monetary terms (Weidema 2009). Ala-Kokko et al. (2021) provides a consist-
ent framework that applied the Stepwise LCIA method to estimate the cost of environmental extern-
alities attributed to genetically modified (GM) adoption compared to conventional maize adoption in
South Africa. The Stepwise method has midpoint characterisation factors and endpoint characteris-
ation factors (Weidema et al. 2008; Weidema 2015). In addition, normalisation and weighting
factors based on the European Union cumulative per-capita emissions in 1995 are included. The
method extends other impact assessment approaches based on damage characterisation to human
health and the ecosystem as defined by QALY and BAHY. The two measures are related to estimated
costs associated with various contributing factors to different midpoint impact categories, as pre-
sented in Table 1. Further, the method assigns a cost of 1/54 QALY per BAHY (Weidema et al. 2008;
Weidema 2015). The costs presented, as a function of the outputs on Table 1, are the estimated
expenses to offset environmental and human health externalities when choosing to implement
CA’s no-till or zero-till or conventional tillage in wheat production. That is, to restore full QALYs and
BAHYs based on the “ability to pay,” derived from resource constraints and the equivalence factor
between QALY and BAHY adopted by the method. The Stepwise cost outputs were generated in
Euro (EUR) 2003, adjusted to EUR 2020, accounting for inflation, then converted to R2020.

3.3 Environmental efficiency

Environmental efficiency has received several names in agricultural LCA research, but its interpret-
ation is based on the environmental impact found on ecosystems. Common names seen in LCA lit-
erature include agricultural eco-efficiency (Wang et al. 2022), productive efficiency (Tricase et al.
2018), EcoX indicator (Brentrup et al. 2004), eco-efficiency (Masuda 2016), and environmental
efficiency (Cerutti et al. 2013). In this study, the term “environmental efficiency” used by Cerutti
et al. (2013) is preferred as it considers mass-based interpretation to better define the environmental
performance of a production system.

The comparison of the LCA single score (the combined impact of all LCA categories from Table 1
into one monetised score) in R20202 per kg of wheat allows for a comparison in efficiency between
the two CA production methods and conventional tillage. The increase in environmental efficiency is
described as the change in the ratio of monetised environmental damage, was calculated as

D Env.Efficiency = Env. SSConv − Env.SSCA
Env.SSCA

∗100 (1)

where Env.SSconv and Env.SSCA are respectively LCA single score costs for conventional and CA wheat,
respectively.

Table 2. Average yield and production costs (R2020) per hectare for no-till and zero-till in Tygerhoek and Langgewens: 2002–
2020.

Location/Tillage N Wheat yield (ton/ha) Cost (R/ha)a

Tygerhoek 572 Mean SD Mean SD
• No-till 3.61 1.00 4,512 677.24
• Zero-till 3.37 1.52 4,425 568.59
Langgewens 471
• No-till 3.43 1.02 5,455 1,276.34
• Zero-till 3.30 0.83 5,238 2,094.73
• Conventionalb 3.4 – 5,671 –
aSummation of all costs associated with one hectare of wheat production given specified test plot inputs averaged across all years
of production (see inputs in Appendix).

bYield assuming a good year scenario (Knott 2015).
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3.4 Profitability of commercial wheat production

This study also implements a profitability analysis comparing no-till versus zero-till in Langgewens
and Tygerhoek and a comparison of all three production methods in Langgewens. We use plot-
level wheat production reports from 2002 to 2020 (WCDA 2021) to estimate average wheat
yields, prices, and production costs across years. All price and cost values were given in Rands
and inflation-adjusted to January 1, 2020. Table 2 summarises the information used for profit
simulation.

Profitability for wheat production under CA’s no-till and zero-till in Langgewens and Tygerhoek,
respectively, was simulated using @Risk© (Palisade, Ithaca, NY). Following similar studies (Nalley et al.
2016; Ala-Kokko et al. 2021), 1,000 iterations were run for each of the two sites, and a two-tailed t-test
was used to test for statistical differences between the profitability of producing wheat under no-till
and zero-till. The simulated profit and environmental impact (i.e., the environmental cost obtained
from Stepwise LCA) are used to derive the net impact of switching from conventional to no-till and
zero-till. The economic impact of switching is the profit difference between no-till and zero-till,
respectively, and conventional tillage.

The simulated net profit (NP) without environmental benefits for a hectare of wheat production
was calculated as

NPij = TRij − TCij (2)

where NPij is the simulated net profit as a function of total revenue (TRij) and total cost (TCij) per
hectare of producing wheat under ith CA system (zero-till or no-till) in jth site (Langgewens or Tyger-
hoek) all of which were simulated using a normal distribution from the statistics given on Table 2.
The TRij was obtained from

TRij = Yij∗P (3)

where Yij the simulated wheat yield in ton per hectare under ith practice (zero-till or not-till)
from Table 2 at jth site (Langgewens or Tygerhoek) was multiplied by the simulated price of
wheat per ton (P), from 2002–2020 in R2020. The simulated price mean (in ZAR inflation-
adjusted to January 1, 2020) was R3,804.06 with a standard deviation of R741.64 per ton
(WCDA 2021). Wheat prices for each production regime have been adjusted for quality
(grades) by year (Table A2).

The environmental benefits (EBi), in R2020 per hectare, from switching from conventional to CA
production system i per hectare can be calculated as:

DEBi = EBcon − EBCA (4)

where ECcon is the LCA single score cost of producing one hectare of conventionally tilled wheat and
ECCA is the LCA single score cost of producing one hectare of wheat using CA system i.

The total benefits (TB) in R2020 per hectare of switching from conventional wheat production to
either zero-till or no-till production in Langgewens was calculated as

TBi = DNPi + DEBi (5)

where the difference in net profit from Equation (2) (ΔNP) between conventional and CA system i
(zero-till or no-till) is summed with the change environmental benefits (ΔEB) from Equation (4) of
switching from conventional to CA system i (zero-till or no-till) wheat production.
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4. Results and discussion

4.1 Wheat production environmental efficiency

The single score results from the LCA are presented in Table 3. The single score is given in R2020 and
is representative of the monetised environmental cost for producing one kilogram of wheat under
zero-till, no-till, and conventional farming at Langgewens and Tygerhoek research sites in Western
Cape. Table 3 also provides the LCA scores for each impact category.

The LCA single score results in Table 3 indicate that for every kg of wheat produced in Langge-
wens there was R0.89 and R0.65 in environmental damage under no-till and zero-till wheat pro-
duction, respectively. In Tygerhoek, there was R0.71 and R0.60 in environmental damage under
no-till and zero-till wheat production, respectively. Given the additional nitrogen fertiliser usage
requirements in Langgewens and lower yields, it is not surprising that its single scores were
higher than Tygerhoek. The single scores for conventional tillage wheat production were R2.92,
R1.80, and R1.37 per kg in environmental damage in a poor, an average, and a good yield scenario,
respectively in Langgewens. These findings suggest that CA wheat production has a lower environ-
mental impact than conventional wheat production and, among CA systems, zero-till has a lower
environmental impact than no-till.

These results provide important metrics about the efficiency at turning environmental damage
(input) into a kg of wheat (output). Table 3 suggests that zero-till is 352%, 178%, and 113% more
efficient at converting environmental damage into a kg of wheat compared to conventional tillage
under poor, average and good yielding scenarios, respectively. Another way of viewing this
efficiency gain is that for the same environmental damage as one kg of conventional tillage under
poor, average, and good yielding scenarios you could yield 3.52, 1.78, and 1.13 more kgs of wheat,
respectively, with zero till wheat production in Langgewens. Using the same methodology, no-till is
229%, 102%, and 55% more efficient at converting environmental damage into a kg of wheat than
conventional tillage under poor, average, and good yielding scenarios, respectively.

Estimating per hectare environmental damage is a function of the single scores reported on Table
3 multiplied by the average yields on Table 2. It was estimated in Langgewens to be R3,039, R2,134,
and R4,671 worth of environmental damage per hectare for no-till, zero-till, and conventional wheat

Table 3. Environmental impact costs (in R2020) for various wheat production methods using the Stepwise LCIA method for one
kg of wheat production in Western Cape, South Africa.

Langgewens Tygerhoek

No-till Zero-till Conventional tillagea No-till Zero-till

Poor Average Good
Total environmental cost (single score)b 0.887 0.646 2.919 1.796 1.374 0.711 0.599
Human toxicity, carcinogens 0.0129 0.0101 0.0452 0.0278 0.0213 0.0131 0.0095
Human toxicity, non-carcinogens 0.0102 0.0065 0.0275 0.0169 0.0129 0.0085 0.0062
Respiratory inorganics 0.2891 0.2104 0.9198 0.5660 0.4328 0.2396 0.1930
Ionizing radiation 0.0003 0.0002 0.0008 0.0005 0.0004 0.0003 0.0002
Ozone layer depletion 0.0001 0.0000 0.0002 0.0001 0.0001 0.0001 0.0000
Ecotoxicity, aquatic 0.0009 0.0007 0.0026 0.0016 0.0012 0.0010 0.0007
Ecotoxicity, terrestrial 0.0152 0.0098 0.0420 0.0258 0.0198 0.0112 0.0088
Nature occupation 0.0069 0.0049 0.0206 0.0127 0.0097 0.0062 0.0045
Global warming, fossil 0.5240 0.3835 1.7687 1.0884 0.8323 0.4087 0.3567
Acidification 0.0036 0.0026 0.0117 0.0072 0.0055 0.0030 0.0024
Eutrophication, aquatic 0.0010 0.0008 0.0035 0.0022 0.0016 0.0013 0.0012
Eutrophication, terrestrial 0.0128 0.0094 0.0430 0.0264 0.0202 0.0097 0.0085
Respiratory organics 0.0005 0.0004 0.0017 0.0011 0.0008 0.0004 0.0004
Photochemical ozone, vegetation 0.0094 0.0069 0.0312 0.0192 0.0147 0.0076 0.0066
Mineral extraction 0.0003 0.0002 0.0007 0.0004 0.0003 0.0002 0.0001
aConventional wheat production based on LCA inputs sourced from Knott (2015). Knott (2015) established three wheat yields
scenarios based on seasonal variations: poor, average and good yield with 1.6, 2.6, and 3.4 ton/ha for conventional tillage
wheat production in the Western Cape, respectively.

bSummation of all impact categories. Single score value in R2020.
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production, respectively. In Tygerhoek, this environmental cost per hectare was estimated to be
R2,567 and R2,018 for no-till and zero-till, respectively.

The total environmental cost expresses the cost of the overall damage wheat production inflict on
ecosystems, estimated per kg of wheat produced in Langgewens and Tygerhoek and disaggregated
per impact category (Table 3). Respiratory inorganics and effects associated with global warming
from fossil fuels accounted for 91.7% of the environmental costs associated with conventional,
no-till, and zero-till wheat production at Langgewens and Tygerhoek. The other environmental
burdens were clustered around photochemical ozone, terrestrial eutrophication, terrestrial ecotoxi-
city, human toxicities, and land occupation (Table 3).

While increasing environmental efficiency is becoming more important for policymakers and pro-
ducers, the driving factor of agricultural technology is producer profitability. If found to be less profi-
table than conventional tillage, and without government incentives, commercial wheat producers
will likely continue to practice conventional tillage.

4.2 Profitability differences between CA and conventional wheat production

4.2.1 CA systems economic profitability
The results of the profit simulations (using Equation (2)) indicate (Table 5) that the average gain in
ZAR per ha obtained from CA wheat production varies by location and CA system. In Tygerhoek and
Langgewens, the no-till profit is 6% and 4% higher than zero-till, respectively (Table 4). CA economic
profit is a function of several factors, including crop yields which are heterogenous across the
Western Cape (Swanepoel, Swanepoel, and Smith 2018).

4.2.2 Holistic benefit of switching to CA systems in Western Cape
The results of the LCA single scores suggest that there are more benefits beyond the economic profit
from CA adoption. Table 5 provides the traditional metric of profit (not accounting for environmental

Table 5. Average total benefits (R2020 /ha) associated with switching to CA from conventional tillage systems with varying yields
per hectare in Langgewens.

Net profit differencea
Ecosystem damage
cost differenceb Total benefitsc

Zero-till No-till Zero-till No-till Zero-till No-till

Conventional Good Yield 55 327 2,538 1,629 2,593 1,956
Conventional Average Yield 3,098 3,370 2,538 1,629 5,636 4,999
Conventional Poor Yield 6,902 7,174 2,538 1,629 9,440 8,803
aCalculated using Table 4 and estimates from Knott (2015). Point estimate of profit for conventional wheat production from Knott
(2015) in R2020 are 7,263, 4,220, and 416 per ha for good, average, and poor yield, respectively.

bCalculated by multiplying Table 3 single scores by wheat yields in Table 2.
cObtained from Equation (4).

Table 4. Estimated net profit per hectare (R2020) for CA wheat production in Western Cape, South Africa.

Average profita 5% confidence interval 95% confidence interval

Tygerhoek
• No-till 9,200 −748 19,638
• Zero-till 8,598 2,050 16,936
Langgewens
• No-till 7,590 523 16,271
• Zero-till 7,318 537 14,953
• Conventional tillageb 6,512
aCalculated from Equation (2).
bProfit for a good year scenario (Knott 2015).
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damage), the environmental metric (LCA single score per hectare) and a combinedmetric (traditional
plus environmental) for profitability between CA systems and conventional tillage per hectare in
Langgewens. Importantly, Table 5 may shed some light on why CA has not reached full adoption
potential as the difference between conventional profitability under a good year of conventional
tillage is only marginally different than CA systems. When accounting for the environmental
benefits (which most producers do not internalise) the benefit from switching from conventional
to zero-till goes from R55 per hectare under the traditional method of measuring profitability to
R2,593 per hectare. Under poor and average yields for conventional tillage, CA adoption seems to
make economic sense, even in the traditional profitability accounting system. However, there
seems to be some hesitation to CA adoption when looking at conventional tillage with good
yields, specifically given the fact that a 2015 survey of commercial wheat farmers in the Western
Cape, indicated 60% reported increased weed control costs and more health risks, while 40%
spent more on pest and insects control as a result of implementing CA (Modiselle, Verschoor, and
Strauss 2015).

While Table 5 is important because it shows averages, Table 6 estimates the percentage chance of
being more profitable by adopting CA using the traditional (straight profit), environmental (per
hectare LCA single score), and combined (traditional plus LCA single score) metrics. Table 7 shows
that on average (with average conventional yields) zero and no-till have a 75 and 74% chance of
being more profitable than conventional tillage, respectively. When accounting for the environ-
mental services from switching from conventional to CA, Table 7 shows that zero and no-till have
a 90 and 86% chance of being more profitable than conventional tillage, respectively. Interestingly,
assuming a “good yield” for conventional tillage zero and no-till only have a 48 and 46% chance of
being more profitable than conventional tillage, respectively indicating they are less profitable.
These numbers increase to 70 and 62% for zero and no-till, respectively, indicating that without
accounting for the environmental services that CA can provide, what on the surface looks like a

Table 6. Estimated probability of being more profitable per hectare by switching from conventional tillage with varying yields to
CA systems in Langgewens.

Straight Profit
Environmental and Economic

Benefits

Zero-till No-till Zero-till No-till

Conventional Good Yield 47.93% 46.39% 70.26% 62.03%
Conventional Average Yield 74.67% 73.54% 89.86% 85.57%
Conventional Poor Yield 95.52% 95.53% 99.06% 97.39%

Note: The conventional profits for good, average, and poor yield were estimated in R2020 at 7,263, 4,220, and 416 per ha hectare,
respectively (Knott 2015). Percentages were based on 1,000 simulations from Table 5’s profits comparing CA to conventional
tillage profitability.

Table 7. Environmental benefits (R2020) of complete adoption of zero and no-till wheat production in the Western Cape from
conventional tillage practice.

Conventional tillage Zero-till No-till

LCA single score (per kg)a 1.37 0.65 0.89
Yield (Mt)b 3.40 3.30 3.43
Total hectares needed for 2020 wheat cropc 319,101 328,731 316,504
Environmental cost for entire wheat cropd 1,490,393,565 701,155,109 962,590,581
Reduction relative to conventional tillage – −789,238,456 −527,802,984
Total Reduction in ecosystem damages from CA adoptione – −402,511,613 −269,179,522
aFrom Table 3.
bFrom Table 2 and Knott (2015).
cTotal output of 2020 dryland wheat crop in Western Cape was 1,084,944 MT (Southern African Grain Laboratory [SAGL] 2021).
Thus, hectares needed are estimated by dividing total output by the mean yield of each respective tillage practice.

dThe product of the LCA single score, yield per hectare, and number of hectares needed for total Western Cape crop.
eGiven that estimated CA adoption in WC was 51% in Western Cape (Smith 2021), as such only 51% of potential benefits have
been derived from CA wheat production.

142 W. MULIMBI ET AL.



lucrative production practice, “conventional tillage,” can provide misleading results from a holistic
standpoint. That is, without accounting for the environmental services provided by CA adoption,
producers and policymakers may think that conventional tillage is the correct practice to adopt
and endorse for long run sustainability.

4.2.3 Province level implications of CA adoption
While a per hectare analysis provides a small snapshot of the benefits of any technology, it is impor-
tant to extrapolate the benefits of a technology to actual adopted area. As such, we ask the counter-
factual question based on the findings from the LCA single scores, “how much additional
environmental damage would have occurred if wheat producers in the Western Cape did not
adopt CA?” We take the LCA single scores by production type (Table 3) and their respective yields
(Table 2) to calculate the environmental damage that would be incurred to produce the entire
2020 wheat crop in the Western Cape. The difference between any two production practices pro-
vides the changes in environmental damage by switching production methods. Not surprisingly
from the LCA single scores, 100% conventional tillage had the highest damage. However, given
that an estimated 51% of the Western Cape is under CA (Smith 2021), the actual difference in
environmental damage via CA adoption is 51% of the total difference between full adoption of con-
ventional and full adoption of CA. In other words, without 51% of the wheat area under CA the esti-
mated environmental damage would have been R402.5 and R269.2 million more than if 100% of land
was under conventional tillage annually for zero and no-till, respectively (Table 7). Worth noting,
these differences assume a “good yield” for conventional tillage and the benefits of CA would
increase under an “average” or “poor” yielding conventional year.

Another way of looking at Table 7 is what are the additional environmental benefits still left to
obtain if the remaining 49% of the wheat area in the Western Cape adopted CA. Table 7 indicates
that if the remaining 49% of conventional tillage wheat producers switched to CA that there
would be an additional R386.7 and R258.6 million annually in environmental gains to be captured
if the remaining conventional wheat area adopted zero and no-till, respectively. The environmental
benefits of CA adoption highlight two important concepts. First, by CA adoption in wheat production
in the Western Cape, TFP is increased both from an input/output (increased profitability with less
inputs) standpoint as well as environmental damage/output (reduced environmental damage per
kg of wheat produced) standpoint. Importantly, in using the well-established categories defined
by the UNEP/SETAC framework for LCIA (Jolliet et al. 2004), our results show that CA wheat leads
to multiple environmental improvements over conventional production, a large addition to the lit-
erature which previously only looked at GHG emissions. Overall, the results from the producer, con-
sumer, and environmental portions of this study are significant as agricultural scientists attempt to
sustainably increase caloric production to feed a growing population.

While producers will likely not “capture” the environmental gains or increased environmental
efficiency gains estimated in this study, as environmental concerns increase for consumers and pol-
icymakers alike the comparative statics from these estimates could be used for purchasing decisions.
For instance, the global wheat industry may begin to source wheat from “more sustainable” pro-
duction practices and policy makers may provide incentives/disincentives for more/less sustainable
production practices. While CA adoption in South Africa has been more of a means of coping with
climate change and mitigating increases in input costs and to date has not been marketed as holi-
stically “sustainable” production, understanding the broader environmental implications of its adop-
tion is important.

An important caveat with the scaling up of results to the province level is that we assume that all
wheat area in the Western Cape can implement CA simultaneously, which is not a viable option.
Because CA requires rotation out of wheat only a portion of the current land used for wheat pro-
duction in the Western Cape could be available to produce wheat at any given time. Other crops
integrated with wheat includes crops like barley and pasture which would require less inputs com-
pared to wheat. That being said, 100% CA could dampen the supply of wheat annually given the
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requirements of such a rotation. Further, we assume that there is seamless transition from conven-
tional tillage to no/zero-tillage when in reality new equipment maybe required and subsequent
depreciation rates would need to be taken into account.

5. Conclusions

Given increased consumer and political awareness of environmental sustainability globally, it is time
for economists to rethink the how we value the environmental impact of agricultural production.
There is not a perfect correlation with simply reducing input amounts and a reduction in environ-
mental impact, given differences in active ingredients and their environmental impacts across sub-
stitutable inputs (i.e., different types of herbicides). This study used a Stepwise LCA to quantify and
compare CA to conventional farming in wheat production using the single score for environmental
damage per kg of wheat as a measure efficiency across production methods. Our findings suggest
that CA is more profitable and has a higher environmental efficiency, than conventional tillage wheat
production in the Western Cape. Importantly, this study does not capture the temporal benefits of
CA such as increased soil health and yields, which are likely enhanced, to some point, over time.

In the current era of trying to promote sustainable agricultural systems to feed a growing global
population, novel agricultural practices like CA require further research contributions, in our case
efficiency metrics, to guide policy design and agricultural development in order to make climate-
smart decisions which will both enhance food security and reduce environmental degradation. In
promoting sustainable development, the South African authorities could use LCA to quantify the
environmental impact associated with different practices and encourage producers to use cleaner
productionmethods. Based on the identified environmental cost of switching to CA, the government
of Western Cape could invest in promoting CA and supporting commercial farmers to disseminate
CA as it is more sustainable than conventional tillage. While producers will likely not receive pay-
ments for any of the environmental benefits they provide by switching from conventional to CA,
the South African government could attempt to provide incentives for CA adoption in an effort to
promote a sustainable wheat industry moving forward. While the estimated ecosystem benefits pro-
vided by CA in this study are relatively large (compared to the estimated increased in profitability
through adoption), the benefits are not simply accrued by CA wheat producers, but rather by all
of society. While producers do benefit from a variety of ecosystem benefits, their activities may
strongly influence the delivery of services to other individuals who do not control the production
of these services. The challenge is to use estimates from studies like this to develop policies and
incentives that are easily implemented and adaptable to changing ecological and market conditions.

Notes

1. There were no data related to conventional tillage at Tygerhoek and as such only the two CA production
methods could be compared. In Langgewens, data existed for all three production methods for a more complete
comparison.

2. The conversion rate of US Dollars to South African Rand is USD1 = R16.17 as of May 10, 2022 (https://www.oanda.
com/currency-converter).
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Appendix

Table A1. List of inputs used per hectare in the Stepwise LCIA by location (Langgewens or Tygerhoek) and wheat production system (no-till, zero-till, or conventional till).

Langgewens Tygerhoek
Langgewens
(Knott 2015)

Group Description / Product name (Active ingredients) Unit No-till Zero-till No-till Zero-till No-till Conv.

Fuel (Diesel)
Pre-harvest/harvest farming operations litre/ha 27.3 23.9 26.2 26.6 20.5 27.65

Fertilization and amendments
Nitrogen kg/ha 75.7 53.6 58.5 49.34 60.0 120.0
Phosphorus kg/ha 15.1 9.6 18.7 8.32 14.0 14.0
Potassium kg/ha 3.8 3.7 – 0.01 1.0 1.0
Sulphur kg/ha 0.3 3.8 11.4 2.00 9.0 9.0
Calcitic lime kg/ha 173.1 51.0 243.3 – – –
Dolomitic lime kg/ha 152.6 79.4 – – 500.0 500.0
Gypsum lime kg/ha 176.5 140.5 8.9 – – –
Manganese sulphate kg/ha 0.02 – – – – –
Potassium sulphate kg/ha 0.001 – – – – –
Bortrac 11%B / LiquiBor 10%B (B-based application) kg/ha 0.17 0.06 0.01 – – –
Coptrac / Coptrel (Cu-based application) litre/ha 0.07 – – – – –
Foliamag (Mg-based application) litre/ha 0.001 – – – – –
Mantrac (Mn-based fertiliser) kg/ha 0.04 – – – – –
Solubor 20.5%B (B-based application) kg/ha 0.003 – – – – –
Zintrac (Zn-based fertiliser) kg/ha 0.03 – – – – –

Pesticides
Weed control

2.4D Amien (Dimethylamine salt) litre/ha 0.02 0.10 0.3 0.5 – –
Achieve (Tralkoxydim) litre/ha 0.03 – 0.01 – – –
Ally (Carfentrazone-ethyl/metsulfuron methyl) g/ha – – 0.7 – – –
Aurora (Carfentrazone-ethyl) Kg/ha 0.001 0.01 0.003 0.01 0.02 0.02
Axial (Pinoxaden) litre/ha 0.09 – 0.01 – – –
Boxer (Prosulfocarb) kg/ha 0.07 – 0.1 0.04 – –
Bromoksinil-225 / Buctril-DS (Bromoxynil) litre/ha – – 0.1 0.1 0.5 0.5
Brush-off / Ally-20DF (Metsulfuron-methyl) g/ha 0.88 0.77 0.3 4.3 – –
Cossack (Iodosulfuron-methyl-sodium/mesosulfuron-methyl/mefenpyr-diethyl) kg/ha 0.03 – 1.4 – – –
Derby 175 SC (Florasulam/flumetsulam) litre/ha 0.01 – – – – –
Difflan (Diflufenican) litre/ha – – – 0.003 – –
Ecopart (Pyraflufen-ethyl) litre/ha – – 0.01 – – –

(Continued )
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Table A1. Continued.

Langgewens Tygerhoek
Langgewens
(Knott 2015)

Group Description / Product name (Active ingredients) Unit No-till Zero-till No-till Zero-till No-till Conv.

Express Super (Chlorsulfuron/metsulfuron-methyl/tribenuron methyl) g/ha – – 4.4 – – –
Garlon (Triclopyr) litre/ha – – 0.1 – – –
Glean / Reaper (Chlorsulfuron) g/ha – – 0.7 3.2 – –
Glyran / Glyran-710 (Glyphosate[ammonium]) kg/ha – – 0.23 0.2 – –
Harmony M (Metsulfuron-methyl/thifensulfuron) g/ha – – 6.3 – – –
Hoelon (Diclofop-methyl) litre/ha – – 0.1 – – –
Hussar (Iodosulfuron-methyl-sodium/mefenpyr-diethyl) litre/ha 0.004 – 0.04 – – –
Logran (Triasulfuron) g/ha 1.11 – 1.6 – 0.02 0.02
MCPA (2-methyl-4-chlorophenoxyacetic acid) litre/ha 0.03 – 0.4 0.5 – –
Pallas (Pyroxsulam) litre/ha 0.01 – 0.004 – 0.4 0.4
Paraquat / Skoffel / Gramoxone / Paragone / Preeglone litre/ha 0.91 0.69 0.9 0.7 1.5 1.5
Resolve (Bromoxynil/pyrasulfotole/mefenpyr-diethyl) litre/ha 0.11 0.90 – – – –
Roundup / Erase / Sting / Glyphosate360 (Glyphosate [isopropylamine]) litre/ha – 0.90 1.3 2.6 3.0 3.0
Roundup WSG /Erase granule / Glyphosate WSG (Glyphosate [sodium]) kg/ha – – 0.5 – – –
RoundupTurbo (Glyphosate[potassium]) litre/ha – – – 1.4 – –
Sakura (Pyroxasulfone) kg/ha 0.02 0.10 0.002 0.12 – –
Topik (Clodinafop-propargyl) litre/ha 0.02 – 0.006 – – –
Trifluralin / Triflurex / Crew (Trifluralin) litre/ha 0.79 – 1.1 – 1.5 1.5

Pest control
Bulldock (Beta-cyfluthrin) litre/ha 0.01 – – – – –
Chlorpyrifos litre/ha – – 0.04 – – –
Cylam (Lambda-cyhalothrin 50 g/litre) litre/ha – – 0.01 – – –
Cyperfos 500EC / Cyperphos (Chlorpyrifos/cypermethrin) litre/ha 0.05 – 0.04 – 0.8 0.8
Cypermetrin litre/ha – – 0.01 – – –
Dimethoate / Fetron / Demet / Rogor (Dimethoate) litre/ha 0.14 – 0.56 1.21 0.5 0.5
Double star (Acetamiprid) litre/ha – – – 0.26 – –
Folimat (Omethoate) litre/ha – – 0.02 – – –
Lirifos (Chlorpyrifos 480 g/litre) litre/ha – – 0.05 – – –
Metasystox (Oxydemeton-methyl) litre/ha – – 0.18 – – –
Methomex / Methomyl 200 (Methomyl) kg/ha 0.08 – 0.01 – – –
Mospilan (Acetamiprid) g/ha 38.74 20.00 28.08 39.69 – –
Slakpille (Sluggem [Carbaryl/metaldehyde]) kg/ha – – 0.16 – – –

Fungal control
Abacus (Epoxiconazole/pyraclostrobin) litre/ha 0.07 0.89 – 0.20 – –
Acanto (Picoxystrobin) litre/ha – – 0.04 0.12 – –
Bumper (Propiconazole) litre/ha 0.12 – 0.06 – 0.5 0.5
Capitan (Flusilazole) litre/ha – – 0.03 – – –

(Continued )
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Table A1. Continued.

Langgewens Tygerhoek
Langgewens
(Knott 2015)

Group Description / Product name (Active ingredients) Unit No-till Zero-till No-till Zero-till No-till Conv.

Ceriax (Epoxiconasole/fluxapyroxad/pyraclostrobin) litre/ha – – – 0.01 – –
Duet Ultra (Epoxiconazole/thiophanate-methyl) litre/ha – – – 0.11 – –
Duett (Carbendazim/thiophanate-methyl) litre/ha 0.65 – 0.34 – 0.8 0.8
Folicur / Tebuconazole / Embrace/ Orius (Tebuconazole) litre/ha 0.14 – 0.06 – – –
Opus (Epoxiconazole) litre/ha 0.26 – 0.17 – – –
Prosaro (Prothiconazole/tebuconazole) litre/ha – – 0.06 0.17 – –
Prosper Trio (Spiroxamine/tebuconazole/triadimenol) litre/ha 0.04 0.44 – 0.41 – –

Note: Conv = Conventional tillage. Active ingredients identified from AVCASA (Association of Veterinary and Crop Associations of South Africa) manuals 2018 (www.croplife.co.za).
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Table A2. Average annual wheat prices per ton adjust to 2020 ZAR by location and CA system extracted from Western Cape
Department of Agriculture dataset (2021).

Location CA system Year Price
Langgewens No-till 2002 4232.18

2003 3106.67
2004 2451.28
2005 2690.74
2006 3213.50
2007 4199.55
2008 3527.86
2009 2915.40
2010 3865.57
2011 3605.73
2012 4652.04
2013 4603.51
2014 4511.74
2015 5366.13

Zero-till 2016 4372.79
2017 4654.04
2018 4667.69
2019 3814.86
2020 3761.00

Tygerhoek No-till 2002 4278.29
2003 3078.24
2004 2207.67
2005 2568.40
2006 2985.20
2007 4696.30
2008 3764.06
2009 2944.57
2010 3491.58
2011 3576.21
2012 4612.87
2013 4039.05
2014 3926.78
2015 4859.45

Zero-till 2016 3711.20
2017 4063.12
2018 3874.88
2019 3847.91
2020 3816.11

Note: Prices adjusted for wheat quality grade (GRAIN SA, 2022).
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Table A3. Environmental damage by location and farming practice estimated using Stepwise LCIA for 1 kg of wheat produced in Western Cape, South Africa.

Langgewensa Langgewens Tygerhoek

No-till Conventional No-till Zero-till No-till Zero-till
Average Good Poor Average Good Poor

Impact category Unit Environmental damage
Human toxicity, carcinogens kg C2H3Cl-eq 0.0025 0.0020 0.0039 0.0039 0.0030 0.0064 0.0018 0.0014 0.0019 0.0013
Human toxicity, non-carcinogens kg C2H3Cl-eq 0.0016 0.0012 0.0025 0.0023 0.0018 0.0038 0.0014 0.0009 0.0012 0.0009
Respiratory inorganics kg PM2.5 eq 0.0002 0.0002 0.0003 0.0003 0.0002 0.0005 0.0002 0.0001 0.0001 0.0001
Ionizing radiation Bq C-14-eq 0.6528 0.5100 1.0201 0.9434 0.7214 1.5330 0.5095 0.3811 0.4856 0.4066
Ozone layer depletion kg CFC-11-eq 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ecotoxicity, aquatic kg TEG-eq w 6.1215 4.7824 9.5649 8.0193 6.1324 13.0314 4.7651 3.3466 5.0545 3.4098
Ecotoxicity, terrestrial kg TEG-eq s 0.5292 0.4135 0.8269 0.8723 0.6671 1.4175 0.5144 0.3299 0.3767 0.2959
Nature occupation m2-years agri 0.0024 0.0019 0.0038 0.0038 0.0029 0.0062 0.0021 0.0015 0.0019 0.0013
Global warming, non-fossil kg CO2-eq 0.0002 0.0002 0.0003 0.0003 0.0002 0.0005 0.0001 0.0001 0.0001 0.0001
Global warming, fossil kg CO2-eq 0.2710 0.2117 0.4234 0.4892 0.3741 0.7950 0.2356 0.1724 0.1837 0.1603
Acidification m2 UES 0.0208 0.0162 0.0324 0.0348 0.0266 0.0566 0.0172 0.0126 0.0146 0.0118
Eutrophication, aquatic kg NO3-eq 0.0006 0.0005 0.0010 0.0008 0.0006 0.0013 0.0004 0.0003 0.0005 0.0004
Eutrophication, terrestrial m2 UES 0.0433 0.0338 0.0676 0.0797 0.0610 0.1295 0.0387 0.0283 0.0293 0.0257
Respiratory organics pers*ppm*hr 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001
Photochemical ozone, vegetation m2*ppm*hr 1.1258 0.8795 1.7590 1.9294 1.4754 3.1353 0.9423 0.6919 0.7667 0.6585
Non-renewable energy MJ primary 2.2596 1.7653 3.5306 3.5866 2.7427 5.8283 1.8310 1.4063 1.6434 1.4066
Mineral extraction MJ extra 0.0021 0.0017 0.0033 0.0038 0.0029 0.0061 0.0025 0.0014 0.0015 0.0013
aFrom Knott (2015).
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