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Abstract: Although greenhouse production is an especially intensive form of agricultural production,
horticultural products have not been subject to many carbon footprint studies. This study examines
the poinsettia, a relevant greenhouse plant in the market. It analyzes the poinsettia’s climate impact
by undertaking a product carbon footprint (PCF) study, along the whole poinsettia value chain; this
starts at the mother-plant farms in Uganda, goes through the production in German greenhouses, and
ends with the disposal of the plant by the consumer. A life cycle inventory was conducted, including
input materials, equipment, cultural practices, and other processes used in two horticultural farms. A
standardized questionnaire collected consumer data. The PCF for the poinsettia is 0.69 kg of carbon
dioxide equivalent (kg of CO2e), including distribution. As heating in both investigated farms is
conducted via renewable energy, major contributors to the PCF were overhead electricity, substrate,
pot, and packaging. The consumers’ contribution varies from 0.31 (best), through 0.45 (average), to
1.49 (worst) kg of CO2e, and is mostly due to differences in shopping behavior, producing a total PCF
of 1.0–2.18 kg of CO2e. The results show a high variability for emissions along the value chain, due to
different input factor choices on the production side and a significant consumer contribution.

Keywords: horticulture; ornamental plants; global warming potential; greenhouse gas emission;
consumer influence

1. Introduction

From a global perspective, the agricultural sector is the second largest emitter of
greenhouse gases [1]. In 2016, Germany released sector-specific reduction goals for the
first time in its ‘Climate Protection Plan 2050’, which demands a reduction of 31–34% in
the agricultural sector until 2030 [2]. Horticulture, as a part of this sector, has not been
the focus of wider research due to its relatively low share of land use and production
factors [3]. However, this is only partly true, taking into account the energy intensive
greenhouse production in regions such as Central or Northern Europe, which are also the
core markets within Europe [4]. Because the land use is smaller than for classical agricultural
crops, higher yields per hectare are common in horticulture, especially when it comes to
greenhouse production. In recent years, carbon footprint studies have become a common
tool to get more insight into the climate-relevant emissions from horticultural production.

Most studies in the horticultural sector have analyzed the Product Carbon Footprint
(PCF) in the fruit and vegetable area. For example, Theurl [5] analyzed tomatoes, Bell and
Horvath [6] researched oranges, and the study of Schäfer and Blanke [7] was one of the first
to apply the Publicly Available Specification (PAS) 2050-1 horticulture to calculate the PCF
of pumpkins and asparagus. So far, only a few studies have dealt with the carbon footprint
of ornamental greenhouse plants, even though it is a billion-dollar market across the world.
In particular, Germany is known as the biggest market for flowers and plants in Europe [8].
Relevant work for ornamental plants was published by Soode et al. [9], Lazzerini [10], and
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Ingram et al. [11,12]. Soode et al. [9] examined cut roses and Phalaenopsis along the whole
value chain, including consumer shopping trips and use phases based on empirical data,
whereas Lazzerini [10] and Ingram et al. [11,12] set their system boundaries within the farm
gates. Looking at the emission hotspots of previously conducted studies of ornamental plants
grown in greenhouses, it becomes obvious that heating energy is one the factors that most
influences the Carbon Footprint. Energy-related emissions from Phalaenopsis, for example,
contribute 73% [9]–95% [13] to the total Carbon Footprint at the production stage. Renewable
energy sources, such as the cogenerated heat of a power plant, can contribute to a decrease
in emissions of up to 46% of a total Carbon Footprint in the production stage, of 4.2 kg of
CO2e per plant [9]. According to Soode et al. [9], a bundle of ten greenhouse-grown cut roses
releases almost the same emissions as one orchid produced with fossil energy (~8 kg of CO2e
per plant). Even more emissions arise from the production of green foliage plants such as
Ficus. They show a Carbon Footprint between 11 and 16 kg of CO2e per plant, depending
on the growth stage [13]. Besides energy, other hotspots in ornamental plant production are
reported in previous studies. For example, Ingram et al. [11] show the importance of a potting
substrate (45%) and container pots (26%) when producing chrysanthemums with a PCF of
0.56 kg of CO2e. In a case study in Austria, Wandl and Haberl [14] calculated the PCF of nine
ornamental pot-plants, of which Cyclamens has the highest Carbon Footprint with 5.5 kg of
CO2e, followed by amaryllis, azalea, poinsettia, hyacinths, pelargonium, primula, bedding
plants, and viola, with these plants producing an average of 1.8 kg of CO2e [14].

One of the most produced greenhouse products in the ornamental sector is the poinsettia,
better known as a ‘Christmas star’. Besides Phalaenopsis, the poinsettia is the second most
popular flowering indoor plant in Germany, with a market share of 11% [15]. In 2021, 20 million
plants were produced and sold in Germany, making it the top selling indoor plant actually
produced in Germany. Due to its marketing season shortly before Christmas, the energy
demand throughout the cultivation period under German climate conditions is at the upper
end. The poinsettia supply chain is highly diversified, starting with mother plant cultivation
and the production of cuttings in Africa, and ending with the end-of-life stage in consumer
households. This international and subdivided value chain makes it especially interesting
to analyze the production and distribution of this plant from a climate-impact point of
view. There are many potential emission phases, including heating, cooling, and different
transportation systems, as well as different actor groups that are involved in the value chain.
However, there is so far no detailed carbon footprint calculation that covers all stages of
the value chain, from the production stage until the consumer phase, for this important
horticultural plant. Additionally, there is also no proofing system for the methodology used
to compare hotspots of the same horticultural product with different production systems,
combined with alternative transport types and distances, and consumer scenarios.

Recent PCF studies that aim to lower emissions in the horticultural sector have primarily
focused on the production side and less on the consumer side. Yet, for example, the average
US citizen is responsible for the production of approximately 17 t of CO2e per year, caused by
consumer-related activities [16]. Carbon Footprint (CF) studies that include consumer-related
activities in a cradle-to-grave assessment come to the conclusion that, depending on the
product and consumer behavior, the customer does indeed have a remarkable impact on
the whole PCF [7,9,17,18]). Furthermore, in a meta-analysis of Life Cycle Assessment (LCA)
studies, Foster et al. [19] point out that the consumer stage plays an important role when
consuming pasta, potatoes, or frozen fish. Concerning ornamental plants, there is only one
study [9] that includes the consumer phase on the basis of empirically collected data in a PCF
calculation. Therefore, the objective of the current research is to calculate and analyze the PCF
of poinsettias produced in Germany in a cradle-to-grave approach, based on primary data
from both sides: the production side and the consumer side. This calculation allows for the
uncovering of emission hotspots and identification of scenario-based reduction potentials.

As a result, we contribute to the empirical analysis of PCF of ornamental plants, in
particular, by considering the entire value chain, including the consumer phase. This is especially
relevant since previous studies have often underestimated the PCF level of such plants, as
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consumers contribute to a substantial part of the CO2e emissions in such value chains. Another
important aspect is that the specifically collected empirical data for this study go ‘beyond the
average’ of the horticultural industry, since the companies under investigation have already
reduced their CO2e emissions significantly in the past by, for example, modernizing their heating
systems in the greenhouses. In this sense, this study delivers insights into the situation of a
more advanced horticultural production and value chain, and the related CO2e emissions.

2. Materials and Methods

The PCF calculation was conducted with the regulations of PAS 2050-1 horticulture,
which allows specific guidance in terms of horticultural production systems. It was devel-
oped by a European expert group from the horticultural sector and the British Standards
Institution (BSI). As PAS 2050-1 does not especially address consumer aspects, rules from
ISO 14067 were adapted for this step of the value chain. First, the production system
was described with the help of the literature research and expert interviews. Second, a
questionnaire based on the production system described was developed for personal in-
terviews, in order to obtain data for the life cycle inventory and the later climate impact
assessment. Lastly, for the consumer stage, a questionnaire was developed and applied to
a representative sample of German horticultural consumers.

2.1. Production Systems

Poinsettia is produced in two stages: The production of cuttings in Africa and the
actual production of the potted plants in the greenhouses in Europe. In Africa, taking care
of the mother plants is the major task of the local management; this includes irrigation,
pest control, fertilizing and hygiene measures. Management practices for the greenhouse
production in Europe include potting, fertilizing, pest control, application of growth reg-
ulators, irrigation, applying the right temperature strategies and daylight control. Two
different heating systems for the production of the poinsettia (Table 1) in Germany were an-
alyzed using primary data from two horticultural companies. In addition, three consumer
stage scenarios (Table 2) and five distribution channels were considered. By combining
the different heating systems and distribution channels with the three different consumer
scenarios, a total of 30 variants for poinsettia value chains were analyzed within this study.

Table 1. Variables in the PCF calculation of the poinsettia.

Young Plant Stage Production Stage Distribution Consumer Stage/End-of-Life: 3 Scenarios

Biogas heating Supermarket

Wood chips DIY market
DIY market (fair trade plants)

Natural gas Stand-alone garden center

Coal Garden center chain

Table 2. Consumer scenarios and quantitative data of inputs.

Consumer Scenario for the Poinsettia Best Case Average Worst Case

Shopping trip Passenger car,
EURO 5 Diesel (3.5 km)

Passenger car,
EURO 4 Diesel (5.5 km)

Passenger car,
EURO 4 Fuel (8.9 km)

Combined trip Yes Yes No

Number of stops 2 2 1

Detour No 3.75 km No

Basket size Additional products
(20 kg)

Additional products
(11.5 kg)

Additional products
(3 kg)

Organic waste Composting plant
(0.97 kg)

Composting plant
(0.97 kg)

Composting plant
(0.97 kg)

Plastic waste Recycling process
(0.03 kg)

Recycling process
(0.03 kg)

Municipal incineration
(0.03 kg)
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Factors in the consumer phase, such as fertilizers, watering with warm water, and
plant protection chemicals, fell under the 1% cut-off limit, so they do not need to be included
in the PCF calculation.

2.2. Functional Unit

The functional unit used in this study was one poinsettia in a pot with a 12 cm diameter
and a plastic bag ready for retail. Some processes required using weight for the functional
unit. In such cases, we measured the weight of plants and packaging materials with real-life
data, such as plastic bags, trays, and pots.

2.3. System Boundaries

The system boundaries of the PCF analyzes of the few products of horticultural origin
that have been realized so far, commonly end at the farm or the retail outlet [5,11,13,20,21].
The current study goes beyond that and includes all product-related processes, from
young plant production in Africa to disposal at the end of life. The processes that are
included in the study are shown in Figure 1. According to the PAS 2050-1 for horticultural
products, GHG emissions from the production, maintenance, and the end of life of capital
goods (e.g., greenhouses and machinery used in production) are not included in the
system boundary.
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2.4. Data Collection
2.4.1. Young Plant Stage

The German company’s production of cuttings, in the analyzed poinsettia value chain,
takes place in a specialized horticultural farm in the region of Wagagai in Uganda. The
mother plants cultivated on that farm use so-called elite plants bred in Germany, so that
unrooted cuttings of the best quality can be harvested for young plant production in
Germany. Situated beside Lake Victoria, the climatic conditions are ideal for the production
of poinsettias, due to consistently warm temperatures (a yearly average temperature of
23.5 degrees Celsius). Data collection could not be performed directly in Uganda due
to time and budget restrictions. This is why the question was forwarded by the same
German young plant production company that owns the facility. This was sent to the
Chief Operation Officer in Uganda so that the relevant first-hand data could be collected.
A plausibility check of the submitted data was conducted by the person in charge of the
young plant production company in Germany, who himself was the Chief Operation Officer
for many years in Uganda.

2.4.2. Production Stage

For the calculation of the poinsettia, two producers provided data for the production
stage. All the producers were located in the western part of Germany, near the cities of
Cologne and Münster. The annual average temperature in this area is about 9.0 degrees
Celsius. All producers received a questionnaire in advance, which was used to collect basic
data. These data were checked, and missing parameters were added in a subsequent inter-
view in the nursery. The data collection took place from September 2015 until December
2015. As the two companies are GLOBALG.A.P. certified, the data collection took advan-
tage of its well-documented production. In cases where no primary data were available,
secondary data were derived from the literature or databases, such as ecoinvent v2.2. The
consolidated data of the inputs of Company 1 in the production and transportation stage
are presented in Table 3.

2.4.3. Consumer Stage

For collecting empirical data for the consumer stage, an online study with 1000 con-
sumers was conducted in April 2017, with the general character as shown in Table 4. At
the beginning of the survey, participants were presented with questions concerning their
general shopping behavior for ornamental plants. In a later part, participants who declared
that they bought a poinsettia during the last season were presented with further questions
related to that plant. In this manner, all information relevant for calculating the PCF at
the consumer stage could be collected. The consumer survey mainly concentrated on the
shopping trip and the end-of-life stage.

Before calculating the data, based on statistical procedure, we removed outliers that
would have otherwise distorted the results. The data were analyzed with the statistics
software SPSS. In order to generate different shopping scenarios for the PCF, we used
descriptive statistics to perform an analysis of variance. The mean value was the basis for
the actual scenario. The worst-case scenario was based on the mean plus one standard
deviation, while the best-case scenario was the mean minus one standard deviation. In
some cases, adding or subtracting the standard deviation would not have been meaningful,
so the average scenario value was used. The quantitative data of the consumer stage are
presented in Table 2.

2.5. PCF Calculation

We used PAS 2050 [22] and PAS 2050-1 [23] as guidelines for calculating the PCF.
However, contrary to the PAS 2050-1 guidance, we also included customer shopping trip
emissions because it can be an essential parameter in horticultural or grocery supply chains,
according to Lampert et al. [18], Soode et al. [9], and Schaefer and Blanke [7].
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Table 3. Material input for production of one poinsettia (12cm-pot) in Germany.

Material Input Material Group Quantity Unit

Electricity mix [Uganda] electricity 0.048199097 MJ

Corrugated board, recycling fiber, double wall,
at plant cardboard and corrugated board 0.139339827 kg

Extrusion, plastic film processing 9.52381 × 10−5 kg

Polyethylene, HDPE, granulate, at plant polymers 9.52381 × 10−5 kg

Sodium hypochlorite, 15% in H2O, at plant inorganics 0.000230056 kg

Ethanol, 99.7% in H2O, from biomass, production
US, at service station fuels 0.000117032 kg

Benzoic compounds, at regional storehouse pesticides 1.54174 × 10−5 kg

Light fuel oil, burned in industrial furnace 1 MW,
non-modulating heating systems 0.006601892 MJ

Ammonium nitrate phosphate, as N,
at regional storehouse mineral fertilizer 0.002813509 kg

Fungicides, at regional storehouse pesticides 2.95619 × 10−5 kg

Cocopeat-substrate substrate 0.000107143 m3

Insecticides, at regional storehouse pesticides 4.76602 × 10−6 kg

Petrol, 5% vol. ethanol, from biomass, at service
station [CH] fuels 0.037095652 kg

Transport, lorry 16–32 t, EURO3 road 0.718509335 metric ton × km

Polystyrene, extruded (XPS), at plant production 0.023333333 kg

Sleeve material group 10 g

Operation, aircraft, freight, intercontinental airplane 0.027083333 metric ton × km

Electricity mix [Germany] supply mix 1.271013896 MJ

Heat, light fuel oil, at industrial furnace 1 MW heating systems 0.019872 MJ

Heat, at hard coal industrial furnace 1–10 MW heating systems 0.367632 MJ

Heat, mixed chips from industry,
at furnace 1000 kW heating systems 0.109296 MJ

Stick medium substrate 0.000039 m3

Heat, at cogeneration with biogas engine,
agricultural covered, allocation exergy heat 21.28031737 MJ

Substrate for the poinsettia substrate 0.00079 m3

Transport, lorry > 32 t, EURO4 road 0.000424975 metric ton × km

Polypropylene, granulate, at plant polymers 0.0195 kg

Extrusion, plastic pipes processing 0.0195 kg

Table 4. Characteristics of the consumer survey.

Target Group German population, age 18 or older, who bought an ornamental plant for
interior or exterior use in the last three months

Number of Cases n = 1000

Method Computer-assisted web interview (CAWI)

Quota Nielsen regions (7 cells), age (4 cells), and gender

Poinsettia Buyers within the Target Group n = 465

For the modelling of the relevant processes and the PCF calculation, we used the
specialized software Umberto NXT CO2 and ecoinvent v2.2 databases. The PCF calculations
are based on a 100-year global warming potential according to the Intergovernmental Panel
on Climate Change (IPCC, 2007). According to PAS 2050 (BSI, 2011) and the Product Life
Cycle Accounting and Reporting Standard (Greenhouse Gas Protocol, 2011), all relevant
GHGs should be included in the evaluation, which is carried out in this study.
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2.6. Hotspots

We identified the hotspots using the absolute amount of emitted GHG from one
material or process, and the corresponding contribution to the final PCF in percentage. All
materials or processes that contributed at least 0.1 kg of CO2e or 10% to the total PCF were
considered to be hotspots.

2.7. Allocation

All production processes resulted in only one output, a poinsettia plant. If the organic
waste was composted, occurring methane (CH4), nitrous oxide (N2O), and carbon monox-
ide (CO) emissions were accounted for. In the consumer scenario, the emissions resulting
from the shopping trip by car were allocated, according to the weight of the purchased
products and the number of stops during that trip.

3. Results
3.1. Overview

The total PCF value consists of the young plant production, the actual greenhouse
production (with the different data of two companies), and the distribution and consumer
stage with a best-case, average, and worst-case scenario (Figure 2). By aggregating the
carbon emissions at the different stages of the value chain, the total PCF value of one
poinsettia adds up to around 1 kg of CO2e (1.27, 1.0 kg of CO2e) with the average best-
case consumer scenario, and it can reach up to 2.31 kg of CO2e/poinsettia in total in the
worst-case consumer scenario.
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Figure 2. Overview of the life cycle stages and their contribution to the PCF of the poinsettia. Note:
The consumer stage represents the three scenarios best, average and worst.

3.2. Young Plant Phase

As Figure 2 shows, the production of cuttings in Africa and the young plant production
in a German greenhouse are the lowest contributing part to the total emissions in the
entire life cycle of the poinsettia. Even though many energy-consuming processes, for
example, fertilizing, sanitizing, and air transport, occur in this phase, the impact on climate
emissions is quite low; this is thanks to the high yields of each mother plant of cuttings, in
combination with a low weight per packaging unit during air transportation. The hotspots
in this phase (responsible for 80% of this stage’s emission) are the transport by airplane
(0.03 kg of CO2e/plant) and the rooting of cuttings in the greenhouses in Germany (0.05 kg
of CO2e/plant).
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3.3. Horticultural Production and Distribution

The core process of the poinsettia value chain is the actual production in the green-
houses of the horticultural companies; this what justifies a detailed analysis. As Figure 3
shows, there are three hotspots to be recognized during this phase: packaging, potting
substrate, and electrical power, which add up to 65–70% of the emissions of this stage. Even
though the two companies examined have similar production techniques, one company
shows significantly less emissions from electrical power. This is because this company has
installed photovoltaic panels as a source of renewable energy, and the produced power is
consumed directly in the nursery. This means that there is not a lower energy consump-
tion in this company, but there is a lower emission factor of electrical power in total. As
the potting substrate is peat-based, it appears as the number one hotspot for Company
2 and second hotspot for Company 1. Heating, which could be expected to be a hotspot
due to the high temperature requirements of poinsettias during the production period in
autumn/winter, does not, in fact, cause high emissions in either company under investiga-
tion. This is due to heating systems that rely on renewable energy sources (wood chips,
biogas), which have been installed by the companies in recent years. Instead, the cardboard
packaging (which is part of the distribution phase) of the ready-to-sell poinsettia is one of
the hotspots in both companies, due to carbon emissions resulting from raw material and
the production of the cardboard. The subsequent transport is based on empirical data for
both companies. It is assumed that both deliver their plants to a DIY outlet in southern
Germany, with 665 km and 521 km of distance travelled, respectively.
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3.4. Consumer Stage

As described in Table 2, three different consumer scenarios have been developed based
on the empirical data of the online survey. Because shopping trips by bike or on foot result
in almost zero emissions, they are excluded from the scenarios. Moreover, 76% of the
respondents used a car for their shopping trips. The contribution at the consumer stage
varies from around 31% (best case) to more than 65% of the total PCF of one poinsettia in the
worst-case scenario, simply due to different consumer behaviors when buying and using
the same product. In the case of the poinsettia value chain, the variation in the consumer
phase is mainly due to the shopping trip. Therefore, it is worthwhile to take a closer look
at the factors influencing consumers’ shopping trips when purchasing such plants. The
factors that are analyzed in more detail in this study are the distance to the retail outlet,
whether the trip is combined with other stops, the number of total stops, whether a detour
must be taken to get to the retail outlet, and the size of the basket of goods. Based on the
data shown in Table 2, the minimum consumer scenario results in emissions of 0.31 kg of
CO2e, the average scenario in emissions of 0.45 kg of CO2e, and the maximum scenario in
emissions of 1.49 kg of CO2e. Figure 4 shows the contribution of the single factors in the
consumer stage, in a sensitivity analysis. Taking the average scenario as reference, Figure 4
further shows the influence of the single factors in case the used value is 50% below or
above average. A small basket of goods and a non-combined shopping trip have the biggest
impact on the PCF in the consumer stage.
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Figure 4. Sensitivity analysis of influencing factors in the consumer stage.

As Table 5 shows, the PCF of the shopping trip varies between different outlets.
Therefore, the PCF of buying a poinsettia at a garden center is almost doubled when
compared to buying them at the supermarket or discounter. The main reasons for this
can be found in the factors mentioned above in the results section. The distance to the
supermarket or discounter is around 3 km (single trip), while the distance to a garden center
is more than double, around 8 km. The mean size of the basket of goods in supermarkets
is 14.5 kg (1 poinsettia is estimated to be around 1 kg of goods), whereas the basket of
goods at the garden center is 5 kg less than that. Going out just for an exclusive purchase
of a poinsettia is more likely at a garden center (around 35%) than at a supermarket
(around 20%).

Table 5. Overview of different retail outlets and their contribution to the PCF.

Retail Outlet PCF [kg of CO2e]

Supermarket/discounter 0.21

Florist 0.27

Gardener’s shop 0.31

Weekly market 0.34

DIY store 0.36

Garden center 0.39
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4. Discussion

Recently, a few studies have analyzed the PCF of ornamental plants. Within these
studies, different system boundaries were applied, which must be considered when com-
paring the results. Most studies undertaken had a bundle of 10 cut roses as the functional
unit, such as Williams [24], Torrellas et al. [25], Sahle and Potting [26], and Soode et al. [9].
The emissions of these roses vary between 0.33 kg/CO2e (Ethiopian production only and
no transport to Europe [26]) and 3.43 kg/CO2e (Kenya field production with air transport
to Europe [24]), and they can reach up to 8.47 kg of CO2e (Dutch greenhouse produc-
tion including consumer phase [9]). Even fewer PCF results are published concerning
potted plants. Soode et al. [9] found that Phalaenopsis from sustainable production emits
4.1 kg of CO2e, including the consumer phase. Ingram et al. [12] took the production of
20 cm chrysanthemums under assessment and calculated emissions of 0.555 kg of CO2e.
Blonk et al. [13] analyzed several ornamental plants, with PCFs ranging from 8 kg of CO2e
(hortensias), up to 42 kg of CO2e (Phalaenopsis), with no consumer phase included. Taking
into account the high variation of the published PCF data for ornamental plants, the results
of our study—a total of around 1 kg of CO2e, up to 2.31 kg of CO2e, for a poinsettia in
a 12 cm pot from sustainable production (heating with renewable energy and different
scenarios for consumer behavior)—seem to be located in the lower level of potted plants
emissions, considering that the consumer stage is included in this calculation.

In the young plant stage of the poinsettia value chain, the main drivers of the emissions
are not found in the Ugandan mother plant company, nor in the production of the cuttings.
The major hotspots during this phase are the transport by airplane and the rooting of
cuttings in greenhouses in Germany. The transport by airplane does not have much
optimization potential that can be influenced by the producers or distributors of the
ornamental plants. The sensitive unrooted cuttings cannot by transported another way
(e.g., transportation by ship would require too much time, resulting in spoilage of the
cuttings), and there is no possibility of enlarging the number of cuttings per box. In our
case study, reduction potential is found in the rooting of cuttings in the greenhouses in
Germany, as a major part of the heating energy is generated by coal in one of the analyzed
companies. If the coal heating can be substituted completely for wood chips heating (which
already generates part of the heating supply in one company), 50% of this company’s
emissions during the rooting process could be saved.

Looking at the results of the PCF calculation of horticultural production of poinsettias,
the major hotspots (electrical power, potting substrate and packaging) are in line with the
findings of Ingram et al. (2020). Despite the debate in the public, potentially environmental-
harmful activities, such as applying plant protection chemicals or the use of fertilizers,
contribute very little (<1.5%) to the overall emissions. This is also true for the irrigation of
water as the companies already have closed water systems and reuse most of the water,
regarding nutrient solutions. As mentioned above, the companies analyzed in our study
have already taken measures in recent years related to the most relevant hotspots in
greenhouse horticulture. In the case of the poinsettia, this is the use of energy for heating
the greenhouses. Both analyzed companies use regenerative energy sources, such as
wood chips or biogas. These sources cause only a small proportion of the CO2e emissions,
compared to fossil energy sources such as coal or natural gas. Coal would be responsible
for CO2e emissions 31 times higher than those of biogas (which is the energy source of one
of the analyzed companies), as shown in Figure 5.

If the energy input has already been optimized during the production phase of the
poinsettia, other factors come into attention when calculating the PCF. One factor is the
packaging of the plants, which is identified as a hotspot in both analyzed companies. Dif-
ferent consumers ask for different packaging options in order to fit their logistics structure.
For example, in food retail, all plants are handled through the cold storage in the regional
distribution center. Therefore, the poinsettia, a cold-sensitive plant, must be protected with
cardboard packaging. Figure 6 shows the high variability in the CO2e emissions of the four
analyzed packaging options.
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Figure 6. Influence of different packaging options on the PCF of poinsettias.

The reusable tray is by far the most climate efficient way to pack poinsettias, followed
by cardboard and plastic sleeves for the plants. Packing a poinsettia into a single-use tray
without a plastic sleeve around the plant is not recommended from a climate perspective.
The high emissions of 0.7 kg of CO2e for this packaging option is mostly due to the fact that
only three plants (instead of eight plants) can be transported in one tray if no plastic bag is
wrapped around the plants. These results show that reducing plastic packaging and the
corresponding plastic waste—which is a major target of the EU and EU member states—can
result in contrary effects regarding the climate-relevant emissions of the analyzed poinsettia
value chain.

Another interesting aspect of our results is the discrepancy between the actual contri-
bution of some materials or activities to the calculated CO2e emissions, and the related view
of the population or the public. One example is the plastic sleeves around the plant. These
contribute low shares to the total PCF of the poinsettia but are regarded as an important
target for substitution from major actors in the value chain in Germany [27]. In the same
way, consumers also prefer paper packaging or no packaging of cut flowers over plastic
packaging [28]. Another example is transportation: due to efficient logistic processes, the
total share of production-side transport is below 5% of the total PCF for the poinsettia
plant. However, the transportation of raw materials or consumer goods, particularly from
overseas countries, is often regarded as one of the main contributors to carbon emissions
by consumers or the general public [29]. In contrast, activities or materials that consumers
do not see or are not aware of, are often not regarded as being important contributors to
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carbon emissions or other environmental problems. For example, the packaging at the
production and wholesale stage of the poinsettia value chain has a higher contribution to
the CO2e emissions of this plant than the plastic sleeves around the plant, but the latter
is visible for consumers at the point of sale. A similar phenomenon can be observed, for
example, in the use of plastic packaging in the apparel value chain [30].

As poinsettias are ornamental plants that are produced and sold outside the main
season in the summer, the PCF of the poinsettia on the production side is hardly com-
parable to that of other ornamentals, due to the high energy requirements of poinsettias
in greenhouse production. In contrast, the shopping trips to different retail outlets are
thought to be rather similar for other ornamental plants. The different retail outlets used by
consumers for this purpose have a significant influence on the overall variability of the PCF,
as already described in the results section (Table 5). This variability within the shopping
trip has also been proven by Mohr [31] for groceries and by Soode et al. [9] for asparagus,
strawberries, and Phalaenopsis. Furthermore, the main factors for the differences between
the retail outlets (basket of goods, distance, combined trip) are in line with the studies by
Mohr [32] and Lampert et al. [18].

Although CO2e emissions in the consumer phase are often the most important con-
tributor to the PCF of the entire value chain of ornamental plants [33], consumers are
hardly aware of this fact; thus, they overlook their important role in producing and also in
reducing the CO2e emissions related to such products. Changing consumer behavior to
become more sustainable, such as by avoiding unnecessary trips for one single good, is a
very long process and is not explicitly related to just horticultural products; it is relevant
to the shopping behaviors related to all products purchased by consumers. This would
require not only information activities, but also efforts from all actors that influence the pur-
chasing of consumer goods in general. Hence, in the short term, it seems more promising
to optimize the production side of the value chain of ornamental plants in order to reduce
climate emissions.

5. Limitations of the Study

Even though our results are in line with some comparable studies, there might be
some uncertainties in the data collection. In the young plant stage, we acquired primary
data from a young plant company through a standardized questionnaire and a personal
interview. However, we could not verify the data directly in the production site in Uganda.
In the production stage, we examined two horticultural companies that have already
optimized some of the hotspots, such as heating energy, so this data might underestimate
the input of heating systems of other poinsettia nurseries. Here, we refer to the scenario
with the conventional energy sources, as 41% of German greenhouses are judged as to be
operating in suboptimal technical conditions (which accompanies older heating systems
and fossil fuels) [34]. To generalize the findings in this field, further studies and calculations
are recommended.

In the consumer stage, data collection was conducted with the help of an online survey
and a fieldwork institute to get a validated sample of poinsettia consumers by a multi-access
panel. As the survey was conducted in May and the typical season for poinsettias is before
Christmas, panelists’ uncertainties while filling in the questionnaire, concerning factors
such as total size of the basket of goods or number of stops during the shopping trip, must
be kept in mind when interpreting the results. To further validate these data, a consumer
study with the help of a diary method, where every poinsettia purchase is documented,
would be useful in the future. In addition, there is a need for a science-based consensus
on applicable allocation methods concerning multi-purpose shopping trips. We used the
method of Sima et al. [35], which was also used by Mohr [32].

In the context of environmental assessment, carbon emissions are just one out of
several impact categories, but they are the most politically important. In the case of
ornamental plants, looking at the use of water, for example, will become more important in
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the future, as water scarcity increasingly becomes the reality in Germany. This should be
part of further studies in this field.

6. Conclusions

The product under investigation, the poinsettia, confirmed once more that a horticul-
tural product cannot have a static PCF value. Different heating systems, distribution issues,
and consumer behaviors lead to a wide range in the PCF. In our case, it varies from 0.88 kg
to 3 kg for the exact same product. Thus, our study shows that, if the hotspots concerning
energy (regenerative heating systems and electrical power) are already resolved (which is
mostly not true for German horticultural companies), other issues, such as packaging, gain
importance. For these parts of the value chain, there is much potential to lower emissions,
for example, by establishing re-usable trays for transport. Therefore, our study emphasizes
the necessity of the ongoing discussions in this field of the horticultural industry. Another
discussion, which has lasted for years, relates to the question of whether it is ecologically
meaningful to produce plant cuttings (such as those for poinsettias) in other continents.
There are many processes going on in the care of the mother plant and the cuttings produc-
tion, but our results show that through the economy of scales, even transport by air has a
very low influence on the product’s total PCF. Contrary to common opinion, the cuttings
production in Africa is not ecologically worse than in Europe, not least due to savings in
heating energy in Africa compared to Europe.

Besides the production factors, the consumer can be held responsible for up to 70% of
the product’s total emissions in the worst-case scenario. Therefore, only a cradle-to-grave
approach leads to correct overall results for the product; otherwise, the consumer influence
might be significantly underestimated. It must be kept in mind that all transport processes
on the production stage totaled together add up to fewer CO2e emissions per plant than
the so-called ‘last dirty mile’, which is entirely the consumer’s responsibility. With this
background, ideas for more efficient logistics in distributing horticultural products to the
front door of the end user must be developed in the future.

This work especially shows that it is extremely important to look at the whole value
chain of products. Only this approach ensures getting the full picture of the phases in
which emissions arise, thus allowing more insight into where sustainable solutions must
be found. Policy makers should, therefore, not only single out producers to demand a
reduction in emissions, but they should also be aware that the individual consumer has at
least the same responsibility in this field.
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