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Abstract: For many years, the Polish air quality modelling system was decentralized, which signif-
icantly hampered the appropriate development of methodologies, evaluations, and comparisons
of modelling results. The major contributor to air pollution in Poland is the residential combustion
sector. This paper demonstrates a novel methodology for residential emission estimation utilized
for national air quality modelling and assessment. Our data were compared with EMEP and CAMS
inventories, and despite some inequalities in country totals, spatial patterns were similar. We discuss
the shortcomings of the presented method and draw conclusions for future improvements.
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1. Introduction

One of the best sources of air quality (AQ) information is a network of atmospheric
measurements sites. In order to provide comprehensive AQ assessment, data collected
by such observational stations should be supplemented with AQ modelling, which can
provide full spatial coverage over vast areas. AQ modelling is dependent on the emission
input data, models used, and methodologies applied. AQ models are frequently evalu-
ated [1–5], but some studies have identified emission inventories as one of the primary
sources of uncertainty in the modelling chain [6,7]. This is connected with the fact that the
estimation of atmospheric pollution emissions is very challenging, primarily because of
the lack of appropriate activity data due to several reasons. First of all, it is common in
many countries that there is no centralized database that can provide spatially resolved and
consistent information about fuel sales or fuel usage on a national scale. Secondly, the data
are frequently trade secrets or incomplete and uncertain. Thirdly, many entities (e.g., cities
or local governments) create their databases, which are, in many cases, not comparable
with each other. This inevitably leads to significant discrepancies in AQ modelling results.

Pollutant emissions are connected with specific human activities, some of which are
commonly observed. For example, road traffic (similarly to agricultural production) is often
monitored because of their significance for economy. Although the main goal of collecting
such data is not emission estimation, it can be easily adopted. Unfortunately, human
activities (besides population) connected with residential combustion are typically not
monitored directly. It is hard to connect residential combustion to a measurable output, as
can be done in other economy sectors e.g. electricity is the output of the power generation
sector and goods are the output of the industrial sector. Hence, it can be a source of
significant uncertainties in emission inventories [8]. Moreover, various furnaces and fuels
are used, and it is difficult to analyze and catalogue them or formulate emission factors.
Although there are examples of comprehensive emission inventories for the residential
sector based on fuel consumption [9,10], data access for emission estimation is problematic
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in many countries. For example, investigators in Norway use a web-crawler that uses
online estate adverts in order to collect data [11]; some investigations in China employ
indirect methods such as regression models for fuel consumption estimation [12]; and
surveys have been utilized for data collection in Vietnam [13], China [14,15], and Lombardy
(Italy) [16]. Other approaches utilize comprehensive measurement campaigns as a basis for
emission inventories [17,18] or GIS-based gap-filling [19].

Poor AQ was a basis for the Court of Justice of the European Union (CJEU) sentence
(from 28 February 2018) against Poland for permanent exceedances of PM10 norms (es-
tablished in EU Parliament and Council Directive 2008/50/WE on 21 May 2008). Even
though many activities have been undertaken to reduce emissions throughout the last two
decades, AQ in Poland is still unsatisfactory. PM10, PM2.5, and B(a)P limit values are often
exceeded in many parts of the country. The major source of those pollutants is residential
fuel combustion for heating purposes.

Like in other countries, Poland had no comprehensive database that can provide
consistent information for national AQ modelling for many years. Such data are necessary
for any national air protection system to operate. Recently, much effort has been put into
residential wood combustion (RWC) emission estimation [17,20–23]. In Poland, in terms
of national residential combustion emission inventory, RWC is not a priority issue at the
moment, since the most currently challenging issue the collection and unification of various
data from diversified sources into a consistent and comprehensive database that can allow
for the best possible AQ modelling results. There are still many gaps in our knowledge,
e.g., access to grid heating, renewable energy sources, fuels consumption (including wood),
and building insulation.

Air quality modelling in Poland was initially done by separate regional Environment
Protection Inspection groups, often using different models or methodologies. In practice,
tasks were performed using varying methods and materials (such as emission inventories
and meteorological data). Since 2013, attempts have been made to implement centralized
AQ modelling. However, tasks were assigned as short-term contracts. Moreover, the
system did not have stable funding, which seriously hampered scientific development and
improvement possibilities.

In the year 2019, a novel legal act was introduced that changed how the national AQ
modelling system was organized. From then on, AQ modelling and the preparation of
an emission database is the duty of the Institute of Environmental Protection–National
Research Institute (IEP–NRI). This change allowed for the consequent development and
enhancement of AQ modelling and emission inventory in one central institution. The IEP–
NRI is responsible for emission estimation from all of existing sources (Central Emission
Database—CED) from all sectors, namely residential, transport, industry, agriculture,
natural sources, and other (such as landfills, excavation sites, and mining heaps). The
inventory was created for the purpose of national AQ modelling. It is utilized as an input
for the GEM-AQ model [24]. The results of modelling serve as supplements for in situ AQ
monitoring, which constitutes the basis of the ChIEP (Chief Inspectorate for Environmental
Protection) Air Quality Annual Assessments.

The main goal of this manuscript was to present the current methodology of residential
emission estimation, discuss perspectives for development, and compare existing data
with well-known inventories: EMEP and CAMS. Our methodology has clear advantages:
it is a bottom–up inventory (which allows for the indirect inclusion of local databases) and
was designed for individual buildings that allow for almost any AQ modelling spatial
resolution.

2. Materials and Methods
2.1. CED Emission Inventory

The CED inventory follows a bottom–up methodology. The data presented here were
prepared in late 2020 and early 2021, were based on data from 2019, and were utilized in
the 2020 ChIEP AQ Annual Assessment [25].
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Residential emission estimation in the CED is dependent on several inputs (Table 1).
The spatial resolution is not equal for all data, and some datasets do not have resolution
since accurate vector geometries with spatial reference represent them. For example,
heating degree days (HDD) are calculated in a grid using GEM-AQ data with a resolution
of 0.025 degrees for the entire country. At the same time, the fuel mix is available not in a
regular grid but as table data for each “district unit” (administrative units without uniform
spatial coverage—we distinguished 3592 such units for our purposes). All of the data were
assigned to buildings using their geographical location.

Table 1. Input data used for residential emission estimation.

Data Spatial Coverage
(Resolution, Form) Source

Building location, area,
number of stories, function Country (vector) Topographic Objects Database (BDOT10k)

HDD Country (0.025 deg, raster) GEM-AQ

Fuel mix
(gas, wood, coal, oil) Country (district units, table) ChIEP, municipality offices

Gas usage for heating 4/16 Voivodships (district unit, tables) Polish Gas Distribution Group

Building age
(insulation factor) Country (fixed for poviats, tables) Main Statistics Office

Heat distribution network
geometries Poviat (vector)

Poviat Centers for Geodetic and Cartographic
Documentation, Institute for Territorial
Development, heat power companies

Access to a heat distribution
network Local (tables or vectors) Local heating plants, heat power companies

Since input data were taken from various sources, unification was a challenge. For
example, heat distribution network data are stored in various formats following different
standards in each of Poviat Centers for Geodetic and Cartographic Documentation (380
in Poland). Building a uniform database with a country-wide database required sending
an official request for data access. When it was granted, the data were downloaded and
processed to be included in the CED. The heat distribution network and other data served
as proxies to determine which buildings have individual heat sources (and thus emit
pollution) and which do not. This is a critical step in our methodology. We present a
flowchart of our methodology in Figure 1.

The ChIEP evaluates the CED on a regular basis. Experts check groups or individual
buildings and provide coded notes if some changes are necessary. Several building features
are considered, e.g., link to heat or gas network, fuel mix, and building function. These
features are included when emissions are processed for GEM-AQ model input.

The first step of emission processing is to combine all country-wide and local data for
individual buildings. The second step is to calculate heat demand (HD) and to address
ChIEP remarks. The last step is to calculate emissions using appropriate emission factors.
For the ChIEP AQ Annual Assessment, the discharge of 8 pollutants (SOx, NOx, PM10,
PM2.5, TSP, CO, NMVOC, and B(a)P) is estimated.

Below, we present currently utilized emission factors (Table 2) and annual country
totals (Table 3). The annual emission discharge per cell (spatial pattern) values of SOx,
NOx, and PM10 are presented in Figure 2.
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Figure 1. Flowchart of residential heating emission calculation.

Table 2. Emission factors used for residential emission estimation.

[g/GJ] Gas Oil Wood Coal

NOx 51 51 50 110

SOx 0.3 70 11 350

PM10 0.5 1.9 760 404

PM2.5 0.5 1.9 740 398

B(a)P [mg/GJ] 0.000562 0.08 250 300

TSP 0.5 1.9 800 444

CO 26 57 4000 4600

NMVOC 1.9 0.69 600 484

PM2.5 0.5 1.9 740 398

Table 3. Country totals for the compared inventories from the residential sector.

Pollutant [Mg] CED (2019) EMEP (2019) CAMS (2017)

NOx 46,222.3 73,794.5 85,722.7

SOx 109,346.3 116,409.4 170,871.0

PM10 188,776.2 88,073.0 190,596.6

PM2.5 185,236.3 58,318.0 187,384.5

B(a)P 113.5 59.7 not available

NMVOC 200,052.7 99,537.4 116,151.6

CO 1,758,858.8 1,273,909.3 1,505,800.4

TSP 204,473.8 117,225.8 not available
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Figure 2. Annual emission per cell of NOx (a–c), SOx (d–f), and PM10 (g–i). White cells indicate
values exceeding the color scale. Spatial resolution was unified (0.1 deg).

Since emissions are calculated via simple multiplication (Factor x HD), slight changes
in the values of factors strongly impact the resulting emission discharge. Therefore, any
changes in emission factors must be applied with extreme care.

The CED is regularly improved. New heat distribution networks are included once
they are obtained from data providers. Fuel mixes are evaluated with the help of the ChIEP
and by using local emission inventories, which are systematically analyzed and included
in the CED. Currently, the main focus of residential sector improvement is on aspects such
as new data inclusion, cooperation with the ChIEP, and fuel mixes. For more information,
please refer to the discussion section.

2.2. EMEP and CAMS-REG Emission Inventories

The EMEP (European Monitoring and Evaluation Programme) is a scientifically based
and policy-driven framework under the Convention on Long-Range Transboundary Air
Pollution (CLRTAP). Poland, among other countries, is obliged to report national totals of
pollutants. The reported data are spatially disaggregated into regular grids [26,27].

The Copernicus Atmosphere Monitoring Service (CAMS) is one of six services that
form Copernicus, the European Union’s Earth observation framework. Copernicus offers
information services based on satellite Earth observation (i.e., Sentinel), in situ data, and
modelling. The CAMS is focused on Europe, but it also offers global products. The core
of the CAMS-REG-v4 inventory are the country totals reported to the EMEP, which are
re-gridded following the methodology described in [28]. Emission estimation has roots in
the previous TNO-MACC II inventories [29,30]. Both the CAMS and EMEP are top–down
inventories and are often utilized in emission science [7,31–33].

We used actual EMEP data from 2019 (re-gridded in 2021) and CAMS data from 2017
(the newest available). There was a mismatch between the topicalities of the compared
data. Moreover, each inventory is based on a different methodology and has a different
spatial resolution (EMEP: 0.1 deg; CAMS: 0.1 × 0.05 deg). Since CED data have no fixed
spatial resolution, they were utilized in the national AQ modelling with a homogeneous
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spatial resolution (0.0025 deg for most of the country and 0.005 deg for the biggest cities).
However, given the objective of this paper, which was to present the methodology used in
national AQ modelling in terms of residential emission estimation, it did not hamper our
analyses.

One possible way to evaluate residential emission estimates included in the CED is to
compare them to the existing inventories. In the next section, we present the results of a
comparison between the CED, EMEP, and CAMS.

3. Results

To compare the CED with the CAMS and EMEP inventories, we present a set of maps
showing the spatial patterns of three primary pollutants (NOx, Sox, and PM10) in Figure 2
and country totals in Table 3.

In the case of NOx, CED data provided the smallest values—about twice lower than
those of the CAMS and EMEP (Table 3). Most CED NOx emissions were found to be
concentrated in the biggest cities, while the contribution of rural sites was much lower
(Figure 2a–c). When SOx emissions were compared, we noticed that the CED and EMEP
country totals were very close, and the SOx spatial patterns were also very similar (Figure
2d,e).CAMS data provided much higher total values than the CED or EMEP (Table 3), as
confirmed in the spatial pattern (Figure 2f). The last pollutant discussed—PM10—again
presented a different situation (Figure 2g–i). This time, the CAMS and CED country totals
were very close to each other, while the EMEP data provided the lowest country totals—less
than half those of the other inventories (Table 3). The cases of PM2.5 and NMVOC were
also similar. Moreover, although the spatial distribution of the CAMS and CED data was
comparable, the EMEP provided low PM10 values for the majority of Poland. Even the
Warsaw agglomeration (Figure 2h1) had relatively low PM10 values compared to other
urbanized areas (such as Silesia in the southern part of the country—Figure 2h2).

In summation, each emission inventory provided different results. For NOx and
SOx, the CED data totals were the lowest, but they were highest for NMVOC, TSP, and
CO. The PM10 and PM2.5 CED country totals were very close to those of the CAMS and
relatively close in the case of CO. The EMEP was in the middle for SOx, CO, and NOx,
but its obtained country totals were much lower than in other inventories for particulate
matter. In general, disparities in the presented country totals are acceptable and can be
explained by the different applied methodologies. Such discrepancies are not alarming
since inconsistencies between emission inventories are well-documented [17,31,32,34–37].

4. Discussion

The comparison of different emission inventories is a challenging but necessary task.
It is well-established in the scientific literature that emission inventories can have serious
discrepancies [35,36,38–40]. Moreover, local inventories might be significantly different
from national inventories [41]. Additionally, spatial disaggregation methods are essen-
tial [34]. Trombetti et al. [31] compared the European top–down emission inventories of
NOx, SO2, VOC, and PM2.5 from the road transport, residential combustion, and industry
sectors, and they provided some recommendations for inventory harmonization. Similarly,
the authors of [34] indicated that reasons for discrepancies between inventories may be
connected with spatial disaggregation; this might be true in the case of the CAMS and
EMEP data presented here. CAMS data are based on CLRTAP (EMEP) country totals,
but the gridding procedures are different. On the other hand, CED data are based on a
bottom–up approach that typically provides different results than top–down estimates [32].
Moreover, the IEP–NRI is still working on the emission factor improvements.

Since the CED emission inventory was created for the purpose of national AQ mod-
elling, the critical test of its performance is the evaluation of AQ modelling results using in
situ observations. Such an evaluation is regularly conducted as a part of the ChIEP AQ
Annual Assessment [42]. It is impossible to evaluate the residential emission inventory
using in situ measurement stations without the consideration of other emission sectors.
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Hence, other methods must be applied. In this context, inverse atmospheric chemistry
modelling [43] and source apportionment [44,45] are utilized, in some cases with the con-
junction of satellite observations [46,47]. However, such analysis significantly exceeds the
scope of the presented study.

Valuable data for residential sectors might be available in local inventories in some
parts of Poland (individual cities or regions). Some of them were created, for example, for
AQ improvement plans. Such inventories often contain very detailed and accurate data
(e.g., fuel type, fuel consumption, and type of installations), and they can be beneficial in the
emission estimation process because they are based on “local knowledge”. Fortunately, the
design of our methodology allows for the inclusion of local databases. In fact, individual
buildings may have unique data. However, reciprocal links between local and national
inventories are complex [41]. Therefore, including new data must be justified and have
a positive effect, and some trade-offs might be accepted. Unfortunately, in many cases,
is it impossible to directly include local Polish inventories in the CED since the emission
estimation approach could be incompatible and national AQ modelling must always be
based on consistent data.

The data that are useful for residential combustion emission estimation are very scat-
tered and diversified in Poland. A critical step is to differentiate buildings with individual
furnaces from those connected to heat distribution networks. One might assume that the
easiest way to determine “non-emitting” buildings is to obtain appropriate data from com-
mercial companies that distribute heat. However, such data are confidential and commonly
regarded as trade secrets. Hence, other approaches must be applied for our purposes. In
this context, vector geometries of heat distribution networks are very useful but must be
processed with care. Data collected by Poviat Centers for Geodetic and Cartographic Docu-
mentation are fit for land surveying and construction purposes. Hence, only standalone
heat distribution pipes are described but connections between adjacent buildings are not.
Such a situation is widespread in densely urbanized city centers (e.g., old parts of cities),
where heat pipes are located underneath groups of buildings.

Moreover, many furnaces are still used to provide heat for a small group of buildings.
The operators of such furnaces frequently do not report fuel usage, and their characteristics
and, therefore, emission discharges are unknown. Moreover, this problem is not only
present in rural areas.

It takes considerable effort, additional knowledge, and alternative data sources to
determine whether specific buildings are connected to a heating network. To the best of our
knowledge, the IEP–NRI is the only institution in Poland that systematically gathers such
data. This has been an ongoing process since the year 2018. The “non-emitting” building
identification process is an excellent example of a novel approach for residential emission
estimation in Poland.

Perspectives

The CED is constantly under improvement, and we have identified several aspects
that need urgent enhancement. First of all, the fuel mix database has an inconsistent spatial
coverage—it is on a district level in some cities and more general in others Moreover, fuel
mix values in specific areas are very uncertain. The IEP–NRI, in cooperation with the
ChIEP, is looking for various ways to improve fuel mix data on a regular basis. Secondly,
building ages are incorporated as statistical data on the poviat scale. We plan to enhance
the building age data (insulation factor) for more details, but it is once again hard to find
appropriate sources of information. Finally, we plan to address the spatio–temporal profiles
of residential emissions and the spatial variability of emission factors in the future.

In the future, the core of residential emission inventory will be based on the CERB
(Central Emission Registry for Buildings). Reporting is obligatory and includes the heat
source, furnace class, number of residents, fuel type, and fuel consumption. Consistent
throughout the whole country, such data will comprise a new standard and allow for much
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better emission estimation. The first works to use our adjusted methodologies will begin in
2022 when the first data are available. The CERB is planned to be fully operational in 2023.

Nowadays, the quality of consumed fuel (despite legal regulations) remains an issue
in Poland. Unfortunately, lowest class furnaces are still very common, especially in rural
and poorer parts of the country. In this context, the data currently used for the CED might
be insufficient and could cause the underestimation of discharged pollutants.

Citizens’ awareness of their impact on AQ is also an issue. For example, it was
common for several decades (during communism) for Polish mines to sell the lowest-
quality coal to their employees. In the short term, people benefited from such a policy
because they had access to extremely cheap fuel that was used for residential combustion.
However, the long-term usage of such fuels deteriorates AQ and has profound health
impacts [48]. Currently, there is still a pressing need to educate citizens, partially due to
the facts that high-quality, low-emission fuels are more expensive and a significant fraction
of the poorest part of society lives in rural areas with no access to gas/heat distribution
networks.

Fortunately, there have been many positive efforts to enhance AQ in Poland through
improvements in the residential combustion sector. For example, on a local scale, authorities
have banned the usage of still fuels (Cracow Municipality) or the usage of the lowest quality
(please refer to local AQ improvement regulations—pol. uchwały antysmogowe). On the
national scale, it is worth mentioning the “Clean Air” furnace exchange subsidiary program
sponsored by the National Fund for Environmental Protection and Water Management.

5. Conclusions

The present paper demonstrates the methodology used for residential emission es-
timation utilized in the national air quality modelling system. Inventory is based on a
variety of input data that are diversified through spatial scales and regional coverage. This
methodology is free from fixed spatial resolution, which enables broad possibilities of
enhancement and the inclusion of additional data. The database is constantly improved
with the cooperation of the ChIEP and air-quality modelling experts.

The presented CED was compared with commonly available EMEP and CAMS in-
ventories. Despite apparent differences in country totals, spatial patterns were found to be
relatively similar. We conclude that the CED is in line with similar inventories for European
countries.

We have also drawn up plans for further improvements once new data are avail-
able. We suspect that in a few years, the Polish national residential emission inventory
will be based on the Central Emission Registry for Buildings, which is currently under
development.
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