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Preface to ”Advances in Combustion of Gases, Liquid

Fuels, Coal and Biomass”

This Special Issue of Energies on “Advances in Combustion of Gases, Liquid Fuels, Coal and

Biomass” includes five manuscripts on combustion research related to energy production. Both

fundamental and applied research is included. The papers contain state-of-the-art experiments,

computations, and theory. Combustion provides an estimated 85% of the world’s energy

consumption. Advances in combustion research can benefit society in three main ways. Improving

energy efficiency can reduce fuel consumption. Improving emissions can reduce climate change and

adverse health effects. Improving fire and explosion safety can protect people, property, and the

environment. The topical areas covered by this Special Issue are broad. It is hoped that this breadth

will lead to a better understanding of combustion and improved diagnostic and numerical tools. This,

in turn, may result in improved combustors, a cleaner environment, novel fuels, and improved safety

and energy security.

Peter B. Sunderland

Special Issue Editor
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Abstract: In Korea, oil-palm empty fruit bunches (EFBs), which are byproducts of the crude palm-oil
milling process, are among the most promising potential energy sources for power plants. However,
the slagging and fouling characteristics of EFBs during combustion have not yet been fully studied.
Accordingly, in this study, we investigated the fundamental ash behavior of EFBs in comparison to
that of wood pellets (WPs) using a thermomechanical analyzer (TMA) and a drop-tube furnace (DTF).
Ash melting and the deposition of ash particles were investigated with traditional prediction indices at
several biomass blending ratios. The results demonstrated that, as the ratio of WPs to EFBs increases,
the melting temperature decreases and the slagging propensity increases because of the increased
biomass alkali content. Moreover, the penetration derived using the TMA shows a higher melting peak
at which rapid melting occurs, and the melting temperature distribution is decreased with increased
biomass blending. Conversely, the DTF results show different phenomena for ash deposition under
the same blending conditions. Blend ratios approaching 10% WP and 15% EFB result in gradual
decreases in ash deposition tendencies because of the lower ash contents of the co-combusted mass
compared to that of the single coal ash. Further biomass addition increases ash deposition, which is
attributable to ash agglomeration from the biomass. Thus, this study demonstrates that blending
ratios of 10% WP and 15% EFB provide optimal conditions for co-combustion with the selected
bituminous coal. In addition, it is shown that the slagging propensity of EFB is higher than that of
WP owing to its ash content and simultaneous agglomeration.

Keywords: biomass; co-combustion; ash deposition; ash melting behavior; agglomeration

1. Introduction

The burning of fossil fuels is a major cause of climate change owing to the massive greenhouse
gas (GHG) emissions it entails. Many countries signed the Paris Agreement at the UN Climate Change
Conference in 2015 with the aim of reducing GHG emissions. Consequently, these countries are
developing alternative and renewable energy sources for fossil fuel replacement [1]. Biomass continues
to grow in importance worldwide as a renewable and CO2-neutral energy source that may help to
diversify renewable energy sources for energy production [2].

The South Korean government has announced its intention to reduce greenhouse gas emissions
by 37% before 2030 [3]. To achieve this target, the South Korean government has recommended the use
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of new and renewable energies for power generation, such as biomass, by the relevant companies at
the national level through the renewable portfolio standard (RPS). Furthermore, the government plans
to increase the supply of new and renewable energy fuels from 3% in 2015 to 10% by 2023 [4].

Biomass co-combustion or co-firing with coal is a potential strategy to achieve GHG abatement
and reduce toxic emissions. Many previous studies have demonstrated that biomass co-firing can
reduce net CO2 emission because of the carbon neutrality of biomass, as well as decreasing NOx and
SOx production [5,6]. This technology is favorable for many power plants because the fuel can be easily
used in existing powdered coal-powered boilers without entailing any environmental or economic
concerns [7,8].

Although biomass co-combustion and co-firing have the advantages of simple equipment
configuration, low cost, and enhanced combustion performance, biomass fuels usually contain high
levels of alkali and alkaline metals, particularly Na and K, which increase slagging and fouling in
biomass-fired boilers [9].

For example, Baxter [10] studied ash deposition and slagging/fouling during the combustion
of coal and biomass, and postulated a mechanistic model and ash deposition characteristics for
biomass combustion. According to his results, the ash deposition phenomenon is associated with the
combustion conditions and the type of inorganic material used for fuel co-combustion. He found that
ash deposition by biomass peaks during initial combustion and then gradually decreases.

Pronobis [11,12] investigated the effects of co-firing a medium-level fouling coal with three types
of biomasses on surface fouling in the convection region of a furnace. He revealed that the properties
of the biomass fuel affect both the operation variables and the efficiency of the boiler. Furthermore,
he co-fired two types of bituminous coals with different slagging tendencies and four types of biomasses
(straw, wood, dried sewage sludge, and bone meal) and examined the slagging effect in the furnace
in terms of the correlation between the properties and fusibility of the produced ashes. The results
showed that co-firing increases the risk of slagging at the fireside in furnaces.

Theis et al. [13] co-fired peat and two biomass types (bark and straw) using an entrained-flow
reactor and compared the resulting ash deposition with that of single-fired peat. They reported that
the ash deposition rate does not increase, even when the bark and straw fuels are co-fired with peat at
levels of 30 wt% and 70 wt%, respectively.

Savolainen [14] researched the slagging behavior of boilers by measuring and monitoring the
soot-blowing frequency and attemperation of water flow. She reported that slagging and fouling in the
furnace were maintained at normal levels despite co-firing with biomass.

Abreu et al. [15] co-combusted bituminous coals with two types of biomasses (pine sawdust
and olive stones) at 10–50 wt% (according to calorific value) and examined the ash deposition rate.
Co-combustion sawdust with a low alkali content led to a lower ash deposition rate than that observed
for single-firing of coal. In contrast, co-combustion with olive stones with high K contents resulted
in a higher ash deposition rate than that for single coal. They posited that this difference is caused
by the different adhesion tendencies on the deposition surface and attributed this effect to the ash
compositions of the biomasses.

In addition to the above studies, numerous studies have been performed to understand
and explain the phenomenon of ash deposition in biomass co-combustion. This includes the
development of empirical indicators and several experimental methods for determining ash melting
temperatures [16–18]. Many investigations using thermomechanical analyzers (TMAs), drop tube
furnaces (DTF), pilot plants, and full-scale boiler trials have been performed [19–21].

These previous studies have demonstrated that slagging and fouling propensities vary, particularly
in response to type of blended fuel used. Recently, the use of oil-palm empty fruit bunches (EFBs) as
biomass has been attempted in power plants in Korea for economic reasons. Thus, optimal operation
parameters for the application of EFBs in power plants must be derived. Oil palms are widely cultivated
in tropical Asia, especially in Malaysia, Indonesia, and Thailand. Considering this abundant and
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CO2-neutral fuel resource, oil-palm EFBs, as byproducts of the crude palm-oil milling process, represent
one of the most promising energy resources [22,23].

There is much less literature available on the ash deposition behavior of EFBs compared to that on
wood pellets (WPs) [24,25]. Thus, the goal of this study was to perform a detailed investigation into
ash deposition during the co-combustion of pulverized coal with EFBs and WPs in pulverized form.

A bituminous coal from Australia with a relatively low slagging propensity was chosen as a
representative fuel that is commonly used in Korean thermal power plants. The alterations in the
extents and mechanisms of coal slagging were investigated during co-combustion with the two biomass
types (WP and EFB). The ash melting characteristics and deposition rates were analyzed using a TMA
and a DTF. In addition, X-ray fluorescence (XRF) analysis was performed to examine the chemical
compositions of the ashes and derive their empirical prediction indices.

2. Materials and Methods

2.1. Sample Preparation

For this study, one type of bituminous coal typically used at domestic coal-fired thermal power
plants and the two biomass types were used as fuels. Trafigura coal, a bituminous coal imported from
Australia, served as the coal sample, and the WP and EFB were procured from Canada and Malaysia,
respectively. In this paper, bituminous coal is indicated as T coal.

The coal and biomass samples were pulverized using a ball mill and sieved to particle sizes of
75–90 μm and 400–600 μm. These particle sizes are commonly employed in coal-fired power plants
in Korea. Before the experiments, proximate and ultimate analyses of the samples were conducted
using a TGA-701 system (LECO Co., St. Joseph, MI, USA) and TruSpec element analyzer (LECO Co.,
St. Joseph, MI, USA) in accordance with the relevant ASTM standards. The procedures specified in the
standards ASTM D5142 and ASTM D3176 for coal and in standards ASTM E870 for the two biomasses,
respectively. The calorific values were measured using an AC600 (LECO Co., St. Joseph, MI, USA)
calorimeter. Table 1 shows the sample analysis results.

Table 1. Properties of selected samples.

Contents

Proximate Analysis
(%wt. a, Dry Basis)

Ultimate Analysis
(%wt., Dry Ash Free Basis)

Heating Value
(LHV b)

VM c Ash FC d Carbon Hydrogen Nitrogen Oxygen e Sulfur MJ/kg

Trafigura
(AUS) 29.72 17.11 53.17 80.00 5.56 1.27 12.41 0.76 24.92

WP
(CAN) 80.40 0.29 19.31 47.29 6.39 − 46.30 0.02 18.65

EFB
(MAS) 76.49 2.77 20.74 47.67 5.75 0.12 46.43 0.03 18.50

a AUS: Australia, CAN: Canada, MAS: Malaysia, %wt.: % by weight, b LHV: low heating value, c VM: volatile
matter, d FC: fixed carbon, e Oxygen: by difference.

In addition, ashes were fabricated in accordance with ASTM E1755-01 to examine their chemical
compositions depending on the experimental conditions and their melting characteristics through
TMA experiments. Accordingly, 1 g of sample dried at 105 ◦C was placed in a ceramic crucible and
heated in a temperature-controlled muffle furnace. The sample was heated in an O2 atmosphere from
room temperature to 250 ◦C at 10 ◦C/min, and the temperature was maintained for 30 min. Then,
the sample was heated again to 575 ◦C (±25 ◦C) at 20 ◦C/min and the final temperature was maintained
for 3 h to obtain ash samples, from which the carbon contents of the fuels were completely removed
at a lower ash-producing temperature than that of ASTM D1857. This procedure was employed to
avoid the volatilization of inorganic materials by the flames during the early combustion process [17].
The chemical composition of each fabricated ash sample was analyzed with a PW2400 XRF (Philips Co.,
Eindhoven, The Netherlands) at the Korea Basic Science Institute based on the ASTM D4326 method.
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2.2. TMA Experiments

TMA experiments are typically conducted to investigate the melting behavior of ashes from
solid fuels [18,26]. This method is known to improve the reproducibility of experiments by removing
the effects of operators that may be present in conventional ash fusion tests such as ASTM D1857.
This method provides two important types of data that can be used to identify the slagging propensity
of a fuel. The first data type is the penetration tendency of the ram into the sample, which is expressed
as a function of temperature. The second data type is the penetration rate according to temperature,
which is expressed as “peak”. The peak denotes the maximum penetration rate for a given temperature
change. This peak indicates the temperature range within which the rapid melting of the ash sample
occurs, and it is derived from the first derivative of the penetration trace [27].

Figure 1 shows a schematic of the TMA used in this study. The TMA apparatus is composed
of a heating chamber and penetrating rod, as well as a ram, crucible, linear variable differential
transformer (LVDT), and thermocouple. The experimental procedure used in this study was as follows:

 
Figure 1. Schematic of the thermomechanical analyzer (TMA) apparatus.

Approximately 200 mg of an ash sample was placed in a crucible and the top of the sample was
flattened with a jig by applying a constant pressure of 260 kPa. The sample was arranged in the
prepared sample assembly by setting the pressure between the ram and the flattened sample surface
at 30 kPa with a load of 60 g. The sample was then placed in a furnace. The sample was heated
in a high-purity N2 atmosphere. The furnace was first heated from room temperature to 600 ◦C at
50 ◦C/min, and then slowly heated at 5 ◦C/min from 600 ◦C to 1600 ◦C.

As shown in Figure 1, the ram sinks as the ash melts during the heating process, and the melted ash
flows between the ram and the empty space in the bottom of the crucible when the ash is fully melted.
The sinking displacement of the ram is measured with a laser displacement meter. This displacement
indicates the height change of the ash sample from room temperature to a specific temperature and is
converted to % shrinkage to evaluate the penetration of each sample according to temperature. The %
shrinkage is used to identify the ash fusibility, which can be used as a predictor of ash deposition.

In addition, the peak at a specific temperature is determined from the first derivative of the %
shrinkage. Generally, the peak distribution of a solid fuel shows more than two peaks, with each peak
indicating rapid melting, i.e., melting acceleration intensity [28]. In this study, the peaks obtained from
the shrinkage curves were differentiated at intervals of 10 min (or 50 °C) to prevent data scattering.

Gupta et al. [28] noted that temperatures of T25%, T50%, T75%, and T90% exhibit representative
melting characteristics among the shrinkage values measured by the TMA in the melting of ash.
As the label suggests, T25% refers to the temperature at which the ash sample reaches 25% shrinkage.
In this case, the 25% (±15%) liquid phase appears by the softening and sintering of ash. Specifically,
it can be regarded as the cause of the initial ash deposition growth because the ash particles are
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sticky. At T50%, the ash has shrunk by 50% and approximately 60% (±15%) melting occurs. At T75%,
over 80% melting occurs, and this temperature is judged to denote complete melting. It is known that
boilers must operate at temperatures lower than T75% to allow the discharge of fly ash without it
melting. Finally, T90% is regarded as the final stage of melting (liquid phase > 90%). This temperature
represents the slag flow (or fluid flow) characteristics of the ash.

2.3. DTF Experiments

To examine the ash deposition tendencies according to the type of coal and biomass co-combustion,
a DTF apparatus (600 mm long with an internal diameter of 70 mm) was used [29]. Figure 2 shows
schematics of the DTF apparatus and deposition probe. The DTF apparatus used in this study was
designed to simulate operation variables such as heating rate and gas temperature applied to the
pulverized fuel boiler in actual coal-fired thermal power plants and to mount an ash deposition
probe to indicate the ash deposition characteristics of the solid fuels. The deposited ash particles
were captured in an alumina tube (60 mm long with an outer diameter of 25 mm) with a hollow
cylindrical shape mounted at the end of the probe and inserted perpendicular to the gas flow inside the
DTF apparatus. The ash deposition probe was positioned 10 cm upstream from the back of the DTF
apparatus. The particles captured by the probe had relatively low carbon contents (<1% unburned
carbon) and were protected from heat by the coolant supplied externally to the water jacket inside
the probe. The temperature inside the DTF was maintained at approximately 1300 ◦C, and the total
gas flow rate, comprising a mixture of O2 and N2, was 5 L/min. Furthermore, the feeding rate of the
sample into the DTF during deposition experiments was 0.2 g/min over 1 h, and this rate was chosen
to compensate for supply errors made by the screw feeder mounted on top of the DTF. These errors
are caused by two phenomena. The first is supply retention by the screw feeder at the beginning of
the experiment due to the densely packed samples, and the second is rate reduction at the end of
the experiment due to the loosely packed samples, leading to decreased self-loading of fuel particles.
The rate of air transport was adjusted so that the excess O2 content was maintained at 1.16 (v/v, dry),
the typical furnace exit value for pulverized fuel boilers [29]. The mass of deposited ash particles was
obtained by calculating the difference between the clean and fouled samples, and this value was used
to derive the deposit growth rates.

Figure 2. Schematic of the drop-tube furnace (DTF) apparatus and deposit probe (MFC: Mass flow
controller; SUS: Steel use stainless).

In particular, to evaluate the ash deposition by biomass co-combustion at the same power output
as that achieved with coal alone, the experiments were conducted based on the calorific value of
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T coal, which is similar to that of the coal typically used in actual domestic power generation boilers.
The relevant conditions are illustrated in Figure 3, and the blend conditions for coal and biomass were
customized using the thermal fraction of the biomass, as seen in Equations (1)–(3).

T f B =

.
mBQB

.
mBQB +

.
mCQC

;
(
T f = T f B + T f C

)
, (1)

M f B =

.
mB

.
mB +

.
mC

;
(
M f = M f B + M f C

)
, and (2)

A f B =

.
mBAB

.
mBAB +

.
mCAC

;
(
A f = A f B + A f C

)
. (3)

Figure 3. Blending conditions by thermal fractions of blends.

Here, Tf, Mf, and Af denote the thermal, mass, and ash fractions by the proportions of the blends,
respectively. Q, A, and ṁ are the low heating value, ash content on dry basis, and mass flow (subscripts
B and C denote biomass and coal), respectively.

Furthermore, the capture efficiency (CE) and energy-based growth rate (GRE) were derived to
compare the ash deposition characteristics for the single and blended conditions from the deposition
results obtained through five or more repeated experiments. The equations used for the calculations
are as follows [30,31]:

CE =
mD

mA ×
(AC

AR

) × 100 and (4)

GRE =
mD

LHV ×mF
, (5)

where mD, mA, and mF denote the weight (g) of the deposit accumulated in the tube, total fly ash
flowing towards the tube in the reactor, and blends fed during the test, respectively. AC and AR are
the projected areas of the coupon and the cross-section of the DTF, respectively. These indices were
derived from the weight of the collected particles acquired during the deposition experiment, and the
measured weight was normalized to explain the difference in the fuel feeding rate.

3. Results and Discussion

3.1. Ashes from the Laboratory Experiments and Actual Combustion

The chemical composition of the ashes was analyzed to predict their deposition behaviors.
In particular, to prevent the volatilization of the minerals generated from the initial biomass combustion
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process, separate analyses were conducted for the laboratory ash fabricated at a low temperature
(575 ◦C) and the combustion ash obtained through the DTF experiment at a high temperature (1300 ◦C).
For all the fuels fired, the char burnout in the combustion ash is always higher than 99% when the
carbon content of the ash does not exceed 5%. The XRF results in Table 2 and Figure 4 show the
chemical compositions of the laboratory/combustion ash and the propensity for slagging/fouling
derived from several traditional indices. Table 3 presents the formulae and criteria pertaining to
traditional prediction indices for ash deposition.

 

Figure 4. Trends of the traditional indices by X-ray fluorescence (XRF) results; (a) T coal +wood pellets
(WP) and (b) T coal + empty fruit bunches (EFB) (B/A ratio, Si_R, TA, and Fu refer to base/acid ratio,
silica percentage, total alkali, and fouling factor, respectively).
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Table 2. Results of oxide analyses of laboratory and combustion ashes.

Components
Single Sample T Coal +WP Blends T Coal + EFB Blends

T Coal WP EFB 5% 10% 15% 20% 5% 10% 15% 20%

Laboratory ash
SiO2 66.27 8.75 39.30 65.72 65.43 65.13 64.92 63.39 63.11 62.79 62.44

Al2O3 26.69 3.54 9.22 26.31 26.25 26.07 25.94 26.09 25.81 25.62 25.43
TiO2 1.24 0.25 0.45 1.21 1.19 1.18 1.22 1.26 1.25 1.29 1.31

Fe2O3 3.10 4.68 31.82 3.10 3.22 3.34 3.41 6.44 6.72 6.93 7.16
CaO 0.42 43.92 4.52 1.18 1.33 1.59 1.67 0.43 0.51 0.58 0.64
MgO 0.36 8.62 3.09 0.40 0.41 0.44 0.49 0.39 0.46 0.51 0.57
Na2O 0.08 0 0 0.07 0.06 0.05 0.05 0.05 0.04 0.03 0.02
K2O 1.68 22.05 5.33 1.80 1.87 1.93 1.98 1.72 1.80 1.86 1.94
P2O5 0.16 4.99 3.01 0.16 0.16 0.17 0.18 0.17 0.19 0.22 0.25
SO3 0 3.20 3.26 0.05 0.08 0.10 0.14 0.06 0.11 0.17 0.24

Combustion ash
SiO2

n.a. a

66.16 66.10 66.01 65.96 65.88 65.71 65.57 65.39
Al2O3 26.69 26.64 26.60 26.62 26.51 26.43 26.41 26.33
TiO2 1.22 1.23 1.23 1.22 1.23 1.24 1.22 1.22

Fe2O3 3.10 3.11 3.11 3.12 3.67 3.78 3.84 4.01
CaO 0.48 0.55 0.62 0.65 0.40 0.43 0.44 0.46
MgO 0.37 0.37 0.38 0.38 0.35 0.36 0.39 0.41
Na2O 0.07 0.06 0.06 0.05 0.07 0.06 0.05 0.03
K2O 1.72 1.75 1.80 1.79 1.69 1.73 1.77 1.78
P2O5 0.18 0.18 0.19 0.19 0.17 0.21 0.24 0.26
SO3 0.01 0.01 0.01 0.02 0.03 0.05 0.07 0.11

a n.a.: Not analyzed.

Table 3. Summary of traditional ash deposition indices and associated criteria.

Indices Formula
Criteria

Low Medium High Severe

B/A ratio [32] (Fe2O3 + CaO +MgO + Na2O + K2O)/(SiO2 + Al2O3 + TiO2) <0.5 0.5–0.7 0.7–1.0 >1.0
Si_R [32] (SiO2 × 100)/(SiO2 + Fe2O3 + CaO +MgO) >50 30–50 5.0–30 <5.0
TA [32] Na2O + K2O <2.0 2.0–3.0 3.0–4.0 >4.0
Fu [20] 0.01 × Ap

a × B/A ratio × (Na2O + 0.659 × K2O) <0.3 0.3–0.45 0.45–0.60 >0.6
a Ap: mass percentage of ash in fuel (or blends).

For the laboratory ash, the basic oxides are enriched as the blending ratio is increased, as shown in
Table 2. This result is attributed to the unreacted mineral components remaining as-is (un-volatilized)
at the low temperature. The effects of basic oxides from both biomass ashes are more evident using
the traditional predictive indices and consequently affect the base/acid (B/A) ratio, total alkali (TA),
and fouling factor (Fu) of the laboratory ash. As shown in Figure 4, the trends of indices derived
from the XRF analysis using laboratory ash show that the slagging/fouling propensity continuously
increases as the blending ratio of the biomass is increased.

Conversely, for the combustion ash obtained from the DTF experiments, acid oxides of the
deposited ash samples are increased slightly compared to those of the laboratory ash. Particularly,
the trends in B/A ratio and Fu identified in Figure 4 have very similar values within the criteria of
Table 3, regardless of ash type. This is thought to correspond to the characteristics of the coal ash
imparted by the minute fraction of biomass ash in the blending sample, although there is also an effect
from the basic oxide of the biomass ash. The combustion ash is a good representation of a fly ash
generated by a boiler. The combustion ash of the T coal blended with biomass mainly contains silica
and alumina oxides (more than 90 wt%). Nevertheless, the chemical compositions of the laboratory
ash and combustion ash vary only slightly with increasing biomass blending ratio, and neither ash
type is significantly different from the T coal ash under the given blend conditions. This finding
is in agreement with that of Kupka et al. [21], who observed that, excepting sulfur oxides, fly ash
and crucible ash compositions, expressed as oxides, are generally consistent. Thus, Pronobis [12]
proposed that the chemical composition of biomass during the co-combustion process is not clearly
distinguishable from that of coal when the blending ratio for the thermal fraction of the biomass does
not exceed 20%. In other words, the result implies that the chemical composition of biomass ash does
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not influence that of the blend when the amount of biomass supplied is sufficiently small compared
with that of the coal in terms of thermal input.

Tables 2 and 3 show that the deposition tendencies for both types of ashes meet the low-level
criterion within each prediction index range. However, as the addition of biomass increases,
the evaluations of the traditional prediction indices gradually increase, especially the TA index
for the WP 20% blend. This implies that the blending ratio of coal and biomass whose basic oxides
content reaches 90%, such as in the case of WP, should be carefully selected. The XRF results of this
study show a difference between the chemical compositions of the ash types, which were generated
at different temperatures according to the biomass co-combustion conditions, while the traditional
prediction index results do not show a clear difference. Thus, a distinct deposition tendency cannot be
confirmed. It is found, however, that as the biomass blending ratio increases, the deposition tendency
is slightly increased regardless of ash type because the basic oxides are derived from the biomass ash.

As remarked by Kazagic and Smajevic [20], ash deposition evaluation based on laboratory
ash analysis, including the calculation of traditional indices, shows poor reliability for biomasses,
and laboratory results cannot be accepted as sufficiently reliable for evaluating the slagging and fouling
propensities of biomasses. Therefore, this study performed further experiments using improved
methods such as the TMA and DTF, as explained in the following sections.

3.2. Ash Melting Characteristics from TMA Experiments

To characterize the melting behavior of the laboratory ash, TMA experiments were performed for
single-coal and blended samples. Figure 5 shows the shrinkage curves as a function of temperature for
each raw sample.

Figure 5. Shrinkage curves as a function of temperature for each raw sample.

The shrinkage curves shown in Figure 5 provide a good representation of the melting characteristics
of each raw sample according to temperature. T coal is not completely melted at 1600 ◦C, which is the
upper limit of the temperature in the TMA experiments performed. This is because T coal is a typical
bituminous coal with acid oxide contents exceeding 90%, as seen from the XRF results [33].

Conversely, as demonstrated by the melting traces for both raw biomass samples, their melting
reactions are completed at lower temperatures compared to that of T coal. For WP, the basic oxides
content exceeds 85%, and T90% appears at a temperature lower than 1150 ◦C. For EFB, T90% appears
at approximately 1300 ◦C, i.e., at a higher temperature than that of WP. This result is attributed to the
ash components of WP, which have higher alkali contents than EFB, as shown in Table 2 and Figure 4.

When ash samples of blends are heated according to the thermal fraction, the melting trace of each
blend follows that of raw T coal, which begins to melt at approximately 900 ◦C, as shown in Figure 6.
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The melting temperatures for blended biomass are slightly lower or similar to that of raw T coal when
the shrinkage is lower than T50% at all blending ratios. Conversely, when the shrinkage is higher than
T50%, the melting temperatures are lower than that of raw T coal under all experimental conditions.
It appears that the shrinkage is increased because the melting of raw biomasses is almost complete
at temperatures lower than approximately 1200 ◦C, at which they are converted to the liquid phase.
Moreover, this tendency is conspicuous in the results for EFB and when comparing the T75% value for
the blend conditions; the decreased temperature for EFB blending is approximately 100 ◦C greater
than that of the WP blends because EFB has higher ash contents despite its lower alkali content.

 

 
Figure 6. Shrinkage curves as a function of temperature for different blending ratios. (a) T coal +WP;
(b) T coal + EFB.

Figure 7 illustrates the derivative trace of the results seen in Figure 6a,b. These graphs show
the melting peak at which rapid melting occurs identified from the first derivative of the melting
results derived from the shrinkage of biomass blending and the change in the peak temperature.
The melting peaks of the biomass blends revealed in Figure 7a,b occur before approximately 1050 ◦C,
which corresponds to a value between T25% and T50% of T coal.
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Figure 7. Derivative traces of the blend conditions derived from the TMA results; (a) T coal +WP;
(b) T coal + EFB.

As shown in Figure 7, the melting peaks for the blends of both biomasses shift towards lower
temperatures as the blending ratio increases based on the peak of T coal (at approximately 1050 ◦C).
These peak temperatures are distributed between T25% and T50%, which is the shrinkage characteristic
temperature of T coal. The melting is accelerated for the biomass as the peak height is gradually
increased. Furthermore, in Figure 7a,b, the yellow peak distribution boxes indicate the melting
intensity under a given blending ratio. The range of peak temperatures for both blends are not
significantly different. However, the peak heights for EFB blends are higher than those of WP blends
in a similar range of peak temperatures. Herein, the peak temperature is associated with the chemical
composition of a sample and the height of the peak indicates a specific melting intensity. Since there
is no difference in the chemical compositions of the ash of biomass blends and laboratory ash by
XRF analysis, the melting intensity is affected by ash content according to blending conditions. As a
result, the melting traces for biomass blending obtained with the TMA are confirmed. The melting
temperature steadily decreases as the blending ratio of biomass increases, and this phenomenon is not
reversed beyond a certain blending ratio. Therefore, this indicates that, as the biomass content in the
blend increases, the melting temperature decreases and the slagging/fouling tendency can be expected
to increase gradually.
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3.3. Ash Deposition Characteristics from DTF Experiments

The DTF was used to examine the ash deposition of coal and biomass according to the experimental
conditions. The deposited ash particles collected on the deposition probe during 1 h of experimentation
and the deposition tendencies derived by the CE and GRE were used as the existing coal deposition
indices. Figure 8 shows that co-combustion with WP and EFB generate relatively lower ash depositions
than that of T coal alone. The single-coal deposition is evenly distributed over the entire area of the
coupon and the deposited particles are stacked in a convex shape. In the case of biomass co-combustion,
however, there is less deposition than in the case of single coal, and a narrow deposition distribution,
with relatively low deposition on the side of the coupon, is observed along with a flatter deposit.
Although these deposition images appear to show that the deposition is decreased compared to that of
T coal as the blending ratio of the biomass is increased, it is difficult to confirm distinct trends.

Figure 8. Images of ash collected on the deposit probe for different blend conditions and
single combustion.

Figure 9 shows all the CE and GRE values obtained by co-combustion the biomass for all the blend
conditions mentioned in Figure 3. The results show that, as the blending ratio of biomass (WP and EFB)
increases, the deposition rate decreases for the 10% and 15% blends, but it begins to increase again with
additional blending. In general, it is known that the ash in biomass contains significant amounts of
alkali matter, which leads to a lower melting temperature, as shown in the TMA results. Most previous
studies [34–36] reported that the addition of biomass increases ash deposition and attribute this result
to the lower melting temperature and higher stickiness of biomass. Namkung et al. [37] also remarked
that sticky particles tend to adhere to each other because of the partial melting characteristics of the
particle surface and that increased biomass blending enhances ash deposition and agglomeration
behavior. However, even though the blending ratio is increased, the deposition is initially decreased
to a certain extent. This is why the ash contents of the biomasses (0.29% for WP and 2.77% for EFB)
are much lower than that of T coal ash (17.11%). This finding is in agreement with those of previous
studies. For example, Abreu et al. [15] reported that the co-combustion of coal with lower ash biomass
does not pose operational problems related to the occurrence of slagging and fouling because the
deposition rate decreases with increases in the biomass thermal input in the blend. In addition, similar
effects have been reported by Kupka et al., who indicated that the ash deposition rate is influenced by
ash input [21]. Therefore, these results point to the existence of additive and non-additive phenomena
caused by lower ash contents and higher agglomeration effects during the co-combustion of coal with
the biomasses.
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Figure 9. Values of capture efficiency (CE) and energy-based growth rate (GRE) for the blend conditions
in the DTF; (a) T coal +WP; (b) T coal + EFB.

Figure 10 shows the normalized GRE values for the blend conditions in the DTF. Herein, GREmax

represents the ratio of the GRE values of other samples to the maximum GRE value. The GREmax

range of the WP blends is approximately 0.35–0.60, and that of the EFB blends is approximately
0.50–0.80. While the deposition of WP blends is less than half the deposition by the single combustion
of T coal for all blending ratios except 5%, the deposition of EFB blends is higher than half the T coal
deposition under all the co-combustion conditions. These results show that the deposition tendency
with the co-combustion of EFB is higher than that of WP, unlike the predicted results using the chemical
composition of the biomass revealed by XRF. In other words, the ash amounts of EFB, according to
the feeding conditions, are approximately 10 times higher than those of WP, which demonstrates the
influence of the deposition tendency. In addition, the reversal tendency of the EFB blend, i.e., the
increase in deposition after the decrease, is changed at a higher blending ratio. This indicates that the
deposition is more influenced by the feeding rate of the EFB than by its chemical composition when
the amount of the biomass supplied is sufficiently small.
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Figure 10. Normalized GRE values for blend conditions in the DTF; (a) T coal +WP; (b) T coal + EFB.

4. Conclusions

This study aimed to fundamentally investigate the ash deposition behavior during co-combustion
of coal with two kinds of biomasses, WP and EFB, using TMA and DTF. The conclusions are as follows.

1. The laboratory and combustion ashes were analyzed using XRF and the slagging indices were
derived using the chemical compositions. The ash compositions as per the results of XRF showed
that the basic oxides were enriched as the blending ratio increased. Thus, the results of the
XRF analysis showed that the deposition tendency continuously increases with an increasing
biomass blending ratio, but the traditional indices for ash slagging propensity were insufficient
for explaining the results because of their predictive limitations.

2. Ash melting characteristics were examined for the laboratory ash using a TMA. The % shrinkage
traces of the raw fuel showed the individual melting characteristics of each fuel, and their %
shrinkage traces for blends at T25% appeared to follow the melting characteristics of T coal.
Conversely, the melting point clearly decreased after T50% as the blending ratio of the biomass
increased. This indicates that the shrinkage accelerates when the melting of the biomass is almost
complete and the biomass turns into a liquid phase. The TMA results revealed a decrease in
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melting temperature with increasing WP and EFB blending, and the slagging/fouling tendency
was expected to increase gradually.

3. The ash deposition characteristics revealed using the DTF showed a lower deposition tendency
than that of single-coal combustion up to a blending ratio of 10% for WP and 15% for EFB.
However, with further blending, a reversal was observed wherein the deposition tendency
gradually increased. These results indicated the occurrence of additive and non-additive
phenomena caused by the lower ash contents and higher agglomeration effects during the
co-combustion of coal with the biomass.

4. These results indicate that an optimum blending ratio exists for the co-combustion of biomass
with coal, and considering the ash contents as well as the agglomeration caused by the biomass
ash indicated that a blending ratio of 10% for WP and 15% for EFB are the optimal conditions.
The slagging tendency of EFB was worse than that of WP because of the ash contents of EFB.

5. WP have been researched extensively in Korea, but plant application of EFB can now be attempted.
This study was performed in order to provide fundamental analysis and experiments using
laboratory-scale apparatus, but further studies such as pilot and plant tests should be performed
before applying EFB-derived fuels in power plants.
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Abstract: In this work, thermogravimetric analysis (TGA), differential thermogravimetry (DTG),
and differential scanning calorimetric (DSC) were used to assess the combustion of microalgae
biomass, a bituminous coal, and their blend. Furthermore, different correlations were tested for
estimating the high heating value of microalgae biomass and coal, with both materials possessing
similar values. TGA evidenced differences between the combustion of the studied fuels, but no
relevant interaction occurred during their co-combustion, as shown by the DTG and DSC curves.
These curves also indicated that the combustion of the blend mostly resembled that of coal in terms
of weight loss and heat release. Moreover, non-isothermal kinetic analysis revealed that the apparent
activation energies corresponding to the combustion of the blend and coal were quite close. Overall,
the obtained results indicated that co-combustion with coal might be a feasible waste to energy
management option for the valorization of microalgae biomass resulting from wastewater treatment.

Keywords: sustainable energy; thermal valorization; kinetic modelling; iso-conversional methods;
zero-waste water treatment; Chlorella sorokiniana

1. Introduction

The rapid growing of population continuously increases the global demand for energy.
This demand is actually mainly satisfied by the consumption of oil followed by coal, which remain
the world’s leading fuels, respectively accounting for 33% and 30% of global energy consumption [1].
Such an extensive use is leading to the depletion and ever-rising prices of these fossil non-renewable
fuels [2]. On the other hand, greenhouse gases emission from burning of fossil fuels, mainly CO2,
is the main cause of global warming [3]. These facts have motivated increasing research efforts
regarding alternative and/or non-conventional energy resources. Among them, biomass, which may
be categorized into first, second, and third generation according to its origin, has been recognized as
a promising option, since it is sustainable, renewable, and less polluting [2–4].

Microalgae biomass may be considered to be a third generation biofuel, which holds several
advantages, such as microalgae rapid growth rate, high oil content, high yield per area, no competition
with crops for arable land or freshwater [5,6]. Furthermore, microalgae are considered as promising
candidates for CO2 bio-sequestration [7]. However, the implementation of CO2 sequestration by
microalgae is mostly limited by techno-economic constrains [8]. Microalgae may be cultivated in
wastewater, allowing for simultaneous CO2 mitigation and wastewater treatment [7]. In order to
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increase economic feasibility [7]. In this way, wastewater is used as source of nutrients and water,
which allows for reducing the costs of microalgae culturing [5,9,10]. On the other hand, microalgae are
efficient microorganisms for wastewater treatment, since they are able to remove not only nutrients,
but also heavy metals [11] and emerging contaminants [12,13]. Still, during microalgae cultivation,
residual biomass is generated and use should be given to this biomass within the actual circular
economy context [14]. Therefore, the utilization of microalgae biomass as a third generation biofuel
might be an option for closing the loop and increasing the sustainability of microalgae culture [8].
In this sense, integrating microalgae culture-wastewater treatment-biofuel production allows for carbon
dioxide mitigation and wastewater treatment, while providing biofuel feedstock in a much cleaner
manner [7,15].

Biomass thermochemical conversion is considered to be one of the most effective and promising
routes aimed at the use of biomass for energy purposes. Thermochemical processes typically
include [16]: pyrolysis, gasification and combustion, which is the most commonly used pathway
to extract energy from biomass [17]. Algal biomass has lower decomposition temperatures during
thermochemical conversion when compared to lignocellulosic biomass, which is due to differences
in their major components and results in higher reactivity and lower operational costs [18]. In any
case, a good understanding of microalgae behaviour during thermochemical conversion is essential in
efficient processing.

The utilization of thermogravimetric analysis (TGA) for the characterization of thermal
decomposition during the combustion of coal is well established, being more recent its use for
biomassic fuels [19] and their co-processing with coal [20–22]. Such utilization is advantageous,
since TGA offers a rapid evaluation of the thermal decomposition of any fuel, the initial and final
temperatures of combustion, and other important features, such as maximum reactivity temperature
or interaction between fuels during co-processing [19,23].

Comparatively with lignocellulosic biomass, only very recent and few works are concerned about
the thermal analysis of microalgae combustion [18] and studies on the co-combustion of microalgae
biomass with fossil fuels, such as coal, are even scarcer. However, co-combustion with fossil fuels is an
interesting option that may help to reduce the consumption of non-renewable resources for power
generation, while allowing for the utilization of existing infrastructures. Thus, in this manuscript,
simultaneous TGA and differential scanning calorimetry (DSC) were used to assess the combustion
behaviour of microalgae biomass and its blend with coal. The main aims were to evaluate the effect
that blending with microalgae biomass has on the combustion of coal and its kinetics and to find out
whether interactions between both fuels occur during their co-combustion.

2. Materials and Methods

2.1. Microalgae Culturing

For this study, Chlorella sorokiniana CCAP 211/8 K (UTEX Culture Collection) was cultured in
axenic conditions. This strain was chosen because Chlorella sp. is amongst the most commonly used
for wastewater treatment, possesses high growth rates, high light to biomass conversion, ability to grow
under phototrophic, photomixotrophic and heterotrophic conditions, high protein amount, essential
amino acids, and fatty acids [24,25]. On the other hand, as compared with C. vulgaris, the thermal
decomposition of C. sorokiniana has been less studied in the literature.

The inoculum of C. sorikiniana was cultivated in 250 mL Erlenmeyer flasks in the standard
culture medium Mann and Myers [26], which is composed of (per litre of distilled water): 1.2 g
MgSO4·7H2O, 1.0 g NaNO3, 0.3 CaCl2, 0.1 g K2HPO4, 3.0 × 10−2 g Na2EDTA, 6.0 × 10−3 g H3BO3,
2.0 × 10−3 g FeSO4·7H2O, 1.4 × 10−3 g MnCl2, 3.3 × 10−4 g ZnSO4·7H2O, 7.0 × 10−6 g Co(NO3)2·6H2O,
2.0 × 10−6 g CuSO4·5H2O. This inoculum was grown under constant temperature (25± 1 ◦C), irradiance
(175 μE/m2·s), photoperiod (12:12), and shaking (250 rpm) until reaching a biomass concentration of
0.1 g/L. Afterwards, the culture was grown in a 10 L-PBR after acclimatization to synthetic wastewater
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in 1 L-bubbling column photobioreactors (PBRs) and growing up to 0.1 g/L of biomass concentration.
Each litre of synthetic wastewater was prepared by dissolving in distilled water: peptone, 160 mg;
meat extract, 110 mg; urea, 30 mg; anhydrous dipotassium hydrogen phosphate (K2HPO4), 28 mg;
sodium chloride (NaCl), 7 mg; calcium chloride dehydrate (CaCl2·2H2O), 4 mg; and, magnesium
sulphate heptahydrate (Mg2SO4·7H2O), 2 mg. This synthetic wastewater [27] gives a mean DOC
concentration of about 100 mg/L. The culture conditions and medium used for the inoculum growth
were maintained for microalgae growth in the PBRs, except for the irradiance, which was 650 μE/m2·s,
as supplied by eight fluorescent lamps (58 W, 2150 lumen, Philips, France). Furthermore, the PBRs
were aerated with filtered air (0.22 μm sterile air-venting filter, MillexFG50-Millipore), at a rate of
0.3 v/v/min., enriched with CO2 at 7% v/v, which was injected on demand to keep a constant pH
(pH = 7.5 ± 0.5), as controlled by a pH sensor. At the end of the culture, the 10 L-PBR was dismantled,
and microalgae biomass was harvested by 5 min centrifugation of the cellular suspension at 6461 g
in a SIGMA 2-16P centrifuge. Microalgae biomass (MB) was then washed twice with distilled water,
oven dried during 24 h at 378 K, homogenized, and stored until use at 277 K.

2.2. Materials and Characterization

MB and a bituminous coal (BC) coming from the north coalfield of León (Spain) and commonly
exploited in thermal power stations were used in this work. Before thermal analysis, MB and BC were
grinded and sieved to have a 0.105 mm < particle diameter < 0.210 mm, which is within the size range
that is commonly used in circulating fluidized boilers, allows for minimization of differences in heat of
combustion values, and is large enough to ensure homogeneous ignition. Subsequently, proximate
analyses of MB and BC were carried out following the procedures from ASTM D3172 to D3175 [28–31].
Elemental analysis was performed in a LECO CHNS-932, according to standard procedures, namely
ASTM D5373 [32] and ASTM D4239 [33].

The high heating value (HHV) of MB and BC at a constant volume was determined by means
of an isoperibol oxygen bomb calorimeter LECO AC-600 and following the procedure UNE-EN
14918:2011 [34]. Additionally, and for comparison purposes, HHV was estimated by the correlations
that are listed in Table 1, together with the corresponding assumptions.

Table 1. Correlations considered for the estimation of the high heating value (HHV).

No. Reference CORRELATION Originally Targeted Fuel

Based on Elemental Analysis

1 Dulong [35] HHV(MJ/kg) = −0.763 + 0.301[C] + 0.525[H] + 0.064[O]
Biomass of any type

and/or origin
2 Tillman [36] HHV(MJ/kg) = 0.4373[C] − 1.6701 Biomass
3 Abe [37] HHV(MJ/kg) = 0.3391[C] + 1.4340[H] − 0.0970[O] Biomass from florestal origin
4 Demirbas et al. [38] HHV(MJ/kg) = 0.335[C] + 1.423[H] − 0.154[O] Lignocellulosic fuels

5 Sheng and Azevedo [39] HHV(MJ/kg) = −1.3675 + 0.3137[C] + 0.7009[H]
+ 0.0318[O]

Biomass

6 Yin [40] HHV(MJ/kg) = 0.2949[C] + 0.8250[H]
Lignocellulosic fuels

(agricultural by-products
and wood)

Based on Proximate Analysis

7 Jenkins and Ebeling [41] HHV(MJ/kg) = 26.601− 0.304[Ash] − 0.082[VM]
Biomass of any type and/or

origin
8 Parikh et al. [42] HHV(MJ/kg) = 0.3536[FC] + 0.1559[VM] − 0.0078[Ash] Solid fuels
9 Sheng and Azevedo [39] HHV(MJ/kg) = −3.0368 + 0.2218[VM] + 0.2601[FC] Biomass

10 Majumder et al. [43] HHV(MJ/kg)= −10.81408 + 0.3133([VM] + [FC]) Coal

11 Yin [40] HHV(MJ/kg) = 0.1905[VM] + 0.2521[FC]
Lignocellulosic fuels

(agricultural by-products
and wood)

Based on both Elemental and Proximate Analysis
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Table 1. Cont.

No. Reference CORRELATION Originally Targeted Fuel

12 Grabosky and Bain [44]
HHV(MJ/kg) = 0.328[C] + 1.4306[H] − 0.0237[N]

+0.0929[S]
−(1− [Ash]/100)(40.11[H]/[C])

Biomass

13 IGT [45] HHV(MJ/kg) = 0.341[C] + 1.323[H] + 0.068[S]
−0.0153[Ash] − 0.1194([O] − [N])

Coal

14 Channiwala and Parikh [46]
HHV(MJ/kg) = 0.3491[C] + 1.1783[H] + 0.1005[S]

−0.1034[O] − 0.0151[N]
−0.0211[Ash]

Solid, liquid and gaseous fuels

15 Sajdak et al. [47]
HHV(MJ/kg) = 0.001× (601.95− 11.57[Ash]

−7.12[VM] + 341.67[C] + 1165.86[H]
−97.35[O] − 193.37[N] + 110.36[S])

Biomass, biochar and coal

HHV: high heating value; [C]: carbon content; [H]: hydrogen content; [N]: nitrogen content; [S]: sulphur content;
[O]: oxygen content; [FC]: fixed-carbon content; [VM]: volatile matter content; [Ash]: ash content; note: all values
are expressed in wt% on dry basis.

2.3. Thermal Analyses

A Setaram equipment, model SETSYS Evolution was used in this work. Non-isothermal
combustion runs were carried out after calibration for baseline, weight, temperature, and heat flow.
Throughout these runs, Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) signals
were simultaneously registered during the temperature-programmed combustion of MB, BC, and
their blend (MB-BC). In the blend, a 10% wt. of MB was used, since it has been shown that such
a percentage is adequate for the practical implementation of co-combustion of coal with biomass in
existing infrastructures, namely in thermal power plants [20]. Derivative TG (DTG) curves were also
determined as the first derivation of TG results with respect to time. The runs were carried out up to
1200 K at four different heating rates (β = dT/dt): 0.1, 0.2, 0.4, and 0.5 K/s, in order to determine the
corresponding TG-DSC curves. For each sample and β, three repetitive runs were carried out using
15 ± 1 mg of MB, BC, or MB-BC, after having verified that this mass ensured representativeness and
avoided heat and/or mass transfer limitations. All the runs were done under a continuous air flow
(100 cm3/min at 1 atm of gauge pressure).

The theoretical DTG curves (DTG(T)) and DSC curves (DSC(T)) were calculated for the blend
MB-BC using Equations (1) and (2), respectively, as a weighted average of its composition in order to
check interaction between MB and BC during their co-combustion:

DTG(T) = 0.1 × DTGMB + 0.9 × DTGBC (1)

where DTGMB and DTGBC are the weight loss rate of MB and BC throughout their respective
temperature-programmed combustions.

DSC(T) = 0.1 × DSCMB + 0.9 × DSCBC (2)

where DSCMB and DSCBC are the differential scanning calorimetry results that correspond to the
temperature-programmed combustion of MB and BC, respectively.

2.4. Non-Isothermal Kinetic Analysis

The rate of heterogeneous solid state reactions is generally described by the following equation:

dα
dt

= k(T) f (α) (3)

where α is the extent of reaction or fractional conversion, t is time, T is temperature, k(T) is the
temperature-dependent constant, and f (α) is a function that describes the dependence of the reaction
rate on α.
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Usually, the decomposition from a solid state is mathematically described in terms of the kinetic
triplet (apparent activation energy (E), pre-exponential factor (A), and an expression of the kinetics in
terms of f (α)), which may be correlated to the obtained results by this rate expression:

dα
dt

= Ae−E/RT f (α) (4)

The previous rate expression (Equation (4)) may be transformed into a non-isothermal one, which
defines the reaction rate in function of T at a constant β:

dα
dT

=
A
β

Ae−E/RT f (α) (5)

When Equation (5) is integrated up to α, results in:

α∫
0

dα
f (α)

= g(α) =
A
β

T∫
T0

e−E/RTdT (6)

where g(α) is the integral reaction model.
Several methods may be used in order to obtain a description of the combustion process in terms

of E [48]. These methods can be classified depending on the experimental conditions and on the
mathematical analysis that was carried out. As for the experimentation, the results may be obtained
either under isothermal or non-isothermal conditions. Regarding mathematical analysis, either the
model-fitting or the iso-conversional (model-free) approaches may be followed.

For non-isothermal kinetic analysis, different iso-conversional models that involve carrying out
temperature-programmed runs at different β [48] have been developed to determine E. During the last
decade, these methods have been frequently used to study the thermal decomposition kinetics of very
different types of biofuels [20,21], including microalgae biomass [49].

In this sense, E may be estimated by applying the iso-conversional model developed by Flynn,
Wall, and Ozawa [50,51], which is an integral method that uses the Doyle’s approximation [52]:

ln(β) = ln
[

AE
R g(α)

]
− 5.331− 1.052

E
RT

(7)

The utilization of the Flynn-Wall-Ozawa (FWO) method [50,51] requires the determination of the
T corresponding to fixed values of α from runs carried out at different β. E is estimated by plotting
ln(β) vs. 1/T for each α, which gives straight lines with slope—E/R.

E may be also determined on the basis of the Kissinger-Akahira-Sunose (KAS) kinetic model [53,54],
as it is next described.

In Equation (5) E/2RT » 1, therefore, the integral can be approximated by:

T∫
T0

e−E/RTdT ≈ R
E

T2e−E/RT (8)

Substituting the temperature integral and taking the logarithm:

ln
β

T2 = ln
[

RA
Eg(α)

]
− E

R
1
T

(9)

For the application of the KAS model [53,54], it is necessary to carry out runs at different β, the
respective conversion curves being evaluated from the measured TG curves. For each α, ln(β/T2)
plotted versus 1/T gives a straight line with slope −E/R.
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3. Results and Discussion

3.1. Materials Characterization

The results from the proximate and elemental analyses of MB and BC are depicted in Table 2,
together with the measured HHV for each material.

Table 2. Proximate analysis, elemental analysis, and calorific values for the microalgae biomass (MB)
and the bituminous coal (BC) used in this work.

Properties MB BC

Proximate Analysis (wt. %)

Moisture 10.1 0.8
Volatiles (d.b.) 78.2 8.2

Ashes (d.b.) 6.2 31.1
FC* (d.b.) 15.6 60.7

Elemental Analysis (wt. %, d.b.)

C 52.0 62.7
H 6.8 2.5
N 10.7 1.3
S 0.6 0.7

O* 29.8 1.7

Calorific Analysis (MJ/kg, d.b.)

HHV 22.9 24.3

FC: fixed-carbon; HHV: high heating value; d.b.: dry basis; * calculated by difference.

As may be seen in Table 2, the proximate and elemental analyses of MB and BC evidence that
these fuels have very distinct properties due to their different origin and nature. Within the proximate
analysis, moisture percentages for both materials are usual equilibrium values for storeroom conditions.
With respect to the ash yield, it is quite smaller for MB (6.2%) than for BC (31.1%), which is a positive fact
for the biofuel utilization of MB, since relatively high ash contents are undesirable in many combustion
facilities. However, the amount of volatiles in MB (78.2%) is much larger than in BC (8.2%). The higher
volatile matter content of biomass, as compared with coal, is known to improve the combustion of the
latter, which results in a better burn out and lower unburned carbon in the ashes [21]. Still, adaptations
of the combustor may be necessary for the co-processing of fuels with very different volatiles content.
On the other hand, due to the higher volatile content of MB, it possesses a lower fixed-carbon (15.6%)
than BC (60.7%), which is expected to be corroborated in their separate combustion DTG profiles.

Regarding the elemental analysis, BC has a higher C content (62.7%) than MB (52.0%). Contrarily,
BC has much lower O content (1.7%) than MB (29.8%). Additionally, the H and N contents of BC
(2.5 and 1.3%, respectively) are lower than those of MB (6.8 and 10.7%, respectively). Nonetheless, it
has been demonstrated that NO emissions are not strongly dependent on the fuel nitrogen content [55].
Meanwhile, both BC and MB have a similar S content (0.7 and 0.6%, respectively), so their combustion
may involve similar SOx emissions.

The results from proximate and elemental analyses of MB are very similar to those that were
determined for C. vulgaris biomass by Gao et al. [56]. However, slightly different results have been
obtained by other authors for C. vulgaris biomass [57], being especially relevant the comparatively
higher volatiles content and lower percentage of ashes of MB. The differences are probably related to
the specific strain and the way or stage of culturing. In fact, nitrogen supplementation [58] and the age
of the culture [59] have already been shown to affect thermal properties of C. sorokiniana. Regarding BC,
the results are comparable to previously published data for coal with the same rank and origin [23].

Finally, as regards the HHV, both MB and BC have very similar values (22.9 and 24.3 MJ/kg,
respectively), which means that the combustion of their blend is not going to have remarkable energetic
effects as compared with the combustion of BC. The HHV determined in this work for MB is within
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the range of values referred in the review by Chen et al. [4], namely 14 to 24 MJ/kg, while the HHV of
BC is close to published data for coal with the same rank and origin [23].

As for the estimation of HHV, Figure 1 shows the values that were obtained by the correlations
depicted in Table 1 for each MB and BC, together with the measured value and a deviation limit of
±10%. Some of the correlations satisfactorily estimate the HHV of MB and BC, mainly those that
are based on elemental or on both elemental and proximate analyses. However, correlations that are
only based on proximate analysis (No. 7–11 in Table 1) mostly underestimate the HHV, except for
correlation No. 10 [43], which overestimates the HHV of MB, and correlations No. 8 [42] and 10 [43],
which only give an acceptable HHV estimation for BC. Correlation No. 1, which is the well-known
Dulong correlation [35] and is just based on the C, H, and O contents, correlation No. 4 [38], which
also depends on the C, H and O contents, and correlation No. 14 [46], which stands on the elemental
analysis and the ash content, are those that more closely estimate the HHV for both MB and BC. These
correlations may be very useful for the quick estimation of the calorific potential of microalgae and
coal when planning their co-processing.

Figure 1. Estimated High Heating Value (HHV) for microalgae biomass (MB) (a) and BC (b) by
correlations No. 1 to No. 15 listed in Table 1. For each material, the estimated HHV values are
represented by verticals bars, the measured value is represented by a continuous horizontal line, the
upper limit (measured HHV + 10%) is represented by a dashed line, and the lower limit (measured
HHV − 10%) is marked with a dotted line.

To the best of our knowledge, there are no published studies using correlations for the estimation
of HHV in the specific case of microalgae biomass. Therefore, the applicability of the here considered
correlations (Table 1) was tested in this work for available data in the literature on the calorific value of
microalgae biomass from different strains. In the case of those microalgae biomasses for which just the
elemental analysis is available, the estimated HHV values are depicted in Table 3. For biomasses whose
elemental and proximate analyses are available, the estimations of HHV are displayed in Table 4.
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As may be observed in Table 4, estimations that are just based on proximate analyses (correlations
No. 7 to 11 in Table 1) are mostly inadequate, while those that are just based on the elemental analysis
(Table 3) or elemental analysis together with proximate analysis (Table 4) give estimations that are more
satisfactory. On the whole, and coincidently with the case of microalgae biomass that was obtained in
this work, correlations No. 1, 4, and, especially, No. 14 were the most accurate for estimating the HHV
of microalgae biomasses in the literature.

3.2. Thermal Analysis

The TG curves that were obtained from the temperature programmed combustion of MB, BC, and
their blend MB-BC at different β (0.1, 0.2, 0.4, and 0.5 K/s) are depicted in Figure S1. The resultant DTG
curves are shown in Figure 2 together with the weighted calculated curves (Equation (1)) corresponding
to the combustion of MB-BC. As for a typical combustion profile, mass loss occurs along with increasing
temperature under oxidizing atmosphere until the volatiles and fuel content of the sample is exhausted,
and then the mass of ashes remains stable. In the case of BC, the loss of volatiles and char gasification
occur in a single step due to the large contribution of fixed carbon (see Table 2) to the mass loss during
combustion. On the other hand, a slight weight gain that is related to oxygen chemisorption may
be observed during the combustion of BC but is not present in the DTG curves corresponding to
MB. Differently from BC, the DTG curve that corresponds to MB shows that mass loss occurs in two
main stages, which has already observed by other authors for the combustion of microalgae [16,56,57].
The first stage, which is the most remarkable, is attributed to the devolatilization of MB and volatiles
combustion and extends until 670 K. It is to highlight that this first stage occurs in a temperature range
for which no mass loss is observed for BC. This is due to the higher volatiles/fixed-carbon ratio of
MB (5.01), as compared to that of BC (0.13), which involves microalgae combustion predominantly
occurring in gas-phase due to the combustion of volatiles. Above 670 K and ending at around 1000 K,
occurs the second stage, which comprises three subsequent steps at β = 0.1 and 0.2 K/s that overlap at
higher β. Despite evident differences between MB and BC, DTG experimental curves corresponding to
the combustion of MB-BC mostly resemble those of BC, except for the mass gain associated to oxygen
chemisorption, which is roughly appreciable. This is also true for the weighted calculated curves
MB-BC (T), since they are nearly coincident with the experimental curves. This fact indicates that
interaction between MB and BC during combustion is not relevant, which is favourable in terms of the
practical application of co-processing. A good correlation between experimental and weight calculated
DTG curves was also observed by Gao et al. [56] for the co-combustion of a lignite coal and microalgae
biomass from Chlorella vulgaris (blending ratio 50%). These authors stated that the synergetic effects
in the co-combustion of these materials were negligible [56]. Differently, and after having observed
inhibitive effects during co-pyrolysis of a sub-bituminous coal that was blended with Chlorella vulgaris
biomass (blending ratios 30, 50 and 70%) [73], Chen et al. [74] verified that, although no synergetic
effects occurred in the initial and final stages of their co-combustion, some interaction occurred at the
intermediate stage. Interactions were especially evident for the highest ratio of microalgae within the
blend (70%) and at relative high temperatures, which has been also observed for the co-combustion of
coal with composite biomass pellets that were made from catkins, wood waste, and rice straw [75].
Interactions between coal and biomass during co-combustion reported in the literature have been
attributed to the acceleration of coal devolatilization during co-combustion, due to the reaction with
the active radicals that were produced during biomass devolatilization [56]. Such acceleration may be
ascribed to the higher temperature of coal particle surface during its co-combustion with biomass than
during its individual combustion.
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Figure 2 evidences that DTG curves that correspond to MB and BC were affected by increasing
the heating rate (β). In this sense, it is observable an increase of the temperature at which mass loss
begins; a broader range of temperature in which mass loss occurs; higher weight loss (%/s) peaks;
and overlapping of sub-steps in the combustion of MB. Still, the DTG curves of the blends remain
analogous to those of BC, even at increasing heating rates (β).

Table 5 depicts the characteristic parameters of the DTG combustion profiles. These parameters
confirm the differences between MB and BC that were observed in Figure 2 and similitudes between BC
and MB-BC. In this sense, the Tv and Tf in Table 5 correspond to the temperatures at which mass loss
begins and ends, respectively. Meanwhile, for each DTG curve, the Tm corresponds to the temperature
at which the maximum mass loss rate occurs, that is, the DTGmax. For all MB, BC and MB-BC, the
temperatures Tv, Tf and Tm increase with β. For MB, the Tv and Tm values are around 240 K lower
than for BC. Differently, Tv values for MB-BC are just slightly lower than for BC, due to the absence of
chemisorption mass loss in the combustion of MB-BC, while Tm values are mostly coincident. On the
other hand, lower Tf values are observed for BC than for MB-BC, which shows slightly lower values
than MB. Finally, at β = 0.1 and 0.2 K/s, the DTGmax corresponding to MB are the lowest, while at
β = 0.4 and 0.5 K/s they are the highest, which evidences the intensification of devolatilization of MB
with β. Meanwhile, at each β, BC and MB-BC show very close DTGmax.

Table 5. Characteristic parameters of DTG combustion curves determined for microalgae biomass
(MB), bituminous coal (BC) their blend (MB-CB).

B (K/s) Tv (K) Tm (K) Tf (K) DTGmax (%/s)

MB

0.1 400 542 1031 0.0363
0.2 410 543 1040 0.0839
0.4 433 554 1100 0.1981
0.5 440 557 1120 0.2457

BC

0.1 640 782 874 0.0890
0.2 657 820 930 0.1295
0.4 671 867 1035 0.1669
0.5 675 875 1050 0.1820

MB-BC

0.1 600 781 981 0.0873
0.2 631 823 993 0.1281
0.4 646 870 1046 0.1645
0.5 654 885 1080 0.1844

Tv: onset temperature for volatile release and mass loss; Tm: temperature of maximum mass loss rate; Tf: final
combustion temperature detected as mass stabilization; DTGmax: maximum mass loss rate.

Figure 3 represents the DSC curves that were obtained from the temperature programmed
combustion of MB, BC, and their blend MB-BC at different β (0.1, 0.2, 0.4, and 0.5 K/s), together with
the weighted calculated curves (Equation (2)) corresponding to the combustion of the blend. As it may
be seen, heat release during BC combustion occurs in two stages, namely during the chemisorption
mass gain and, especially, during the fixed-carbon combustion that was observed in Figure 2.
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Heat liberation during MB combustion takes place at four subsequent steps, corresponding to
the combustion of volatiles, organic material, fixed-carbon, and char, which are evident at β = 0.1 K/s
and progressively overlap at increasing β. Consequently, at β = 0.5 K/s, heat release during MB
combustion occurs just in two main stages. The second one, which corresponds to the combustion of
the fixed-carbon content, is centred at the same temperature than the second stage of BC (Figure 3).
Although DSC analysis helps to obtain a more realistic approach to the combustion process of biomass,
there are few published DSC results regarding the combustion of microalgae biomass to compare with
the here obtained. Yet, López-González et al. [16] also observed two heat release stages during the
temperature programmed combustion of biomass from three different microalgae strains at β = 0.67 K/s.
Regarding the combustion of MB-BC in this work, it may be observed in Figure 3 that, even when DSC
curves corresponding to MB and BC are very different, heat release during the combustion of MB-BC
shows the same trend than BC.

The characteristic temperatures at DSC curves in Figure 3 are depicted in Table 6, together with
the enthalpies of combustion, which were calculated for each MB, BC, and MB-BC by the integration of
the corresponding exothermic peak. The onset temperatures for heat release (Ti) are slightly lower
for MB than for BC, with the latter being close to those of MB-BC. Contrarily, the final combustion
temperatures (Te) are higher for MB than for BC, which are again very close to those that were observed
for MB-BC. Regarding temperatures of maximum energy release (Tmax), the lowest value is observed
for MB combustion at β = 0.1 K/s, since the volatiles combustion was the main peak of heat release.
However, at increasing β, the third stage (corresponding to the fixed-carbon combustion) progressively
gains more prominence, so higher Tmax values occur. At each β, Tmax values that were observed for
BC and MB-BC are equivalent and correspond to the fixed-carbon combustion peak. Finally, lower
enthalpy (ΔH) values are obtained for MB combustion than for BC and MB-BC. In any case, the ΔH
here obtained for MB are slightly higher than those that were determined by López-González et al. [16],
which were within 7.8 and 8.8 kJ/g.

Table 6. Characteristic parameters of DSC combustion curves determined for microalgae biomass (MB),
bituminous coal (BC) their blend (MB-CB).

β (K/s) Ti (K) Tmax (K) Te (K) ΔH (kJ/g)

MB

0.1 450 597 1000 11.62
0.2 460 857 1019 11.88
0.4 470 876 1100 11.76
0.5 475 879 1165 11.71

BC

0.1 500 782 893 13.87
0.2 500 820 968 13.81
0.4 500 880 1042 13.96
0.5 500 959 1086 13.78

MB-BC

0.1 461 782 950 14.16
0.2 470 825 980 14.12
0.4 475 875 1046 14.15
0.5 480 964 1080 14.11

Ti: onset temperature for energy release and peak integration; Tmax: temperature of maximum energy release
during combustion; Te: temperature at the end of energy release during combustion; ΔH: enthalpy determined by
integration of the heat release peak in the corresponding DSC combustion profile.

3.3. Non-Isothermal Kinetic Analysis

The TG curves that correspond to the temperature programmed combustions of MB, BC, and
MB-BC at the different β here considered are represented in Figure 4. For each case, six different
percentages of conversion are pointed out in each curve: 10, 20, 30, 40, 50, and 60%. As it was previously
observed in DTG curves (Figure 2), mass loss at relatively low temperatures was more remarkable
for MB than for BC due to the high volatiles content of the first (Table 2). On the other hand, the ash
yield, or residual mass after burning, was 6, 31, and 28% for MB, BC, and MB-BC. These yields are in
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agreement with ash contents in Table 2, and, in the case of MB-BC with the weighted calculated value
for the blend.

Figure 4. Thermogravimetry (TG) curves corresponding to the combustion of MB (a), BC (b), and
MB-BC (c) at different heating rates. Conversion percentages (10, 20, 30, 40, 50, and 60%) have been
marked by straight lines crossing experimental data.

Figure 5 shows the plots of ln (β/T) and ln (β/T2) vs. 1/T to the several conversion degrees (α),
corresponding to the combustion of MB, BC, and MB-BC, as for the respective application of the FWO
model [50,51] and the KAS model [53,54]. Meanwhile, Table 7 depicts the corresponding estimations of E.

The E values estimated by the FWO model are slightly higher than those that were estimated by
the KAS one, except for MB, with both models giving nearly coincident values. As it may be seen in
Table 7, the average E values (E*) that were determined for the combustion of MB are more than double
of that corresponding to BC. On the other hand, the E* values corresponding to the combustion of
MB-BC are just slightly higher than what would proportionally correspond for the relative MB and BC
contents (100 and 91 kJ/mol, for the FWO and KAS models, respectively).
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Table 7. Values of apparent activation energy (E, kJ/mol) determined for the combustion of MB, BC
and their blend (MB-BC) at the considered conversion degrees (α), together with R2 corresponding to
fittings in Figure 5.

α
E (kJ/mol)

FWO
R2 E (kJ/mol)

KAS
R2

MB

0.1 177 0.9995 177 0.9954
0.2 243 0.9978 246 0.8958
0.3 343 0.9882 351 0.9322
0.4 171 0.9953 169 0.9587
0.5 121 0.9864 116 0.9971
0.6 123 0.9844 117 0.9588

197* ± 85 196* ± 90

BC

0.1 112 0.9995 105 0.9950
0.2 102 0.9978 94 0.9971
0.3 89 0.9882 80 0.9973
0.4 86 0.9953 77 0.9926
0.5 76 0.9864 65 0.9974
0.6 67 0.9844 56 0.9925

89* ± 16 79* ± 18

MB-BC

0.1 152 0.9995 147 0.9970
0.2 118 0.9978 111 0.9661
0.3 98 0.9882 90 0.9784
0.4 91 0.9953 82 0.9973
0.5 80 0.9864 68 0.9896
0.6 77 0.9844 67 0.9762

103* ± 28 94* ± 30

E* ± standard deviation from E values at the considered α.

In Table 7, the change of E with α, which is especially evident for MB, may be related to
the complexity of the fuel composition and subsequently to the complex reactions ongoing under
combustion, as it has already been observed for woody biomass [76]. The E* values here determined
for BC are close to those previously obtained for a coal of the same rank and origin [23], while those
of MB are in consonance with published results on the combustion of microalgae biomasses. Using
the FWA and the KAS methods, Chen et al. [70] determined E* values between 134 and 242 kJ/mol
for the combustion of C. vulgaris under 20%O2/80%N2 and 80%O2/20%N2, respectively. Applying a
modification of the FWO method, namely the Starink’s model, Zhao et al. [77] determined E* values
between 93 and 142 kJ/mol for the combustion of different microalgae strains, being 118 kJ/mol the E*
corresponding to C. sorokiniana C74. For the oxy-fuel co-combustion of C. vulgaris biomass with lignite
and using the FWO and the KAS methods, Gao et al. [56] determined E* values for the blends that
were between 150 kJ/mol (lignite/microalgae = 7:3) and 197 kJ/mol (lignite/microalgae = 3:7) under
air atmosphere (21%O2/79%N2). These authors [56] highlighted that the lowest and highest E* were
obtained for lignite coal and C. vulgaris microalgae (respectively, 146 and 213 kJ/mol), and that a higher
percentage of microalgae in the blend resulted in a higher E*. On the other hand, Chen et al. [74]
determined E* values of 68 and 107 kJ/mol for the combustion of a sub-bituminous coal and C. vulgaris
biomass, respectively, by the FWO method and of 57 and 103 kJ/mol by the KAS one. Subsequently,
these authors [74] found that with the increasing content of C. vulgaris in the blends, the E* first
decreased and then increased, with the highest value (FWO: 115 kJ/mol) being that of the blend having
the largest microalgae content (coal:microalgae = 3:7).

From an economic and environmental point of view, the possibility of a joint combustion of
microalgae biomass and coal in power plants may be interesting, since it allows for the use of existing
infrastructures, already equipped with appropriate systems for emissions control and staffed with
qualified personnel. In the case of residual microalgae biomass from wastewater treatment, combustion
might be the preferred and safest management alternative for its valorization. Other uses, such as
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fertilizer or animal feed, should only be allowed under strict toxicity controls in order to avoid the
incorporation of pollutants, such as trace metals or pharmaceuticals into the soils, ground water, and
food chain. Meanwhile, if properly designed and operated, the combustion of microalgae biomass can
provide high stability of trace metals in the ashes and complete destruction of organic pollutants.

Overall, the results obtained in this work indicated that, under appropriate conditions,
co-combustion of microalgae biomass with coal might be an option to consider. In fact, through the
solution of energy and mass balances, it has been recently demonstrated that the smart integration of
microalgae culturing with a large scale coal power plant is feasible in terms of net energy ratio (NER)
and CO2 emissions [78]. Still, further work regarding the combustion and co-combustion of microalgae
biomass in different types of boilers is actually necessary in view of their practical implementation.
In a circular economy context, integrating microalgae culture-wastewater treatment and the thermal
valorization of residual biomass is a challenge that would allow for closing the loop for a sustainable
microalgae culture.

4. Conclusions

The elemental and proximate analysis, DTG and DSC curves showed remarkable differences
between MB and BC, which were mainly related to the relative low fixed-carbon and large volatiles,
oxygen and nitrogen content of the first. Despite these differences, both the DTG and DSC combustion
curves of the blend MB-BC (wt. 10% MB) were equal to those of BC, which was further corroborated by
the corresponding characteristic parameters. The small differences between the experimental and the
weighted average composition calculated DTG and DSC curves pointed to unremarkable interactions
between MB and BC during the combustion of their blend. On the other hand, the HHV of MB (23
MJ/kg) was very close to that of BC (24 MJ/kg), which is favorable for co-combustion applications. The
HHV of MB and BC were adequately estimated by correlations that were based on their elemental
analysis or on both their elemental and proximate analysis. Furthermore, the E* estimated by the
iso-conversional models of FWO and KAS for the combustion of MB-BC (103 and 94 kJ/mol, respectively)
rather approached those of BC (89 and 79 kJ/mol, respectively) as compared with MB (197 and 196
kJ/mol, respectively). Globally, the results pointed to co-combustion as an encouraging option for the
thermal valorization of microalgae biomass resulting from wastewater treatment.
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Abstract: The use of separated overfire air (SOFA) has become a standard technique of air staging for
NOx reduction in the coal-fired boiler and can also be applied to existing boilers by retrofit. This study
was to optimize the air distribution for the proposed SOFA installation in a 500 MWe tangential-firing
boiler that has 20 identical units in Korea. Using computational fluid dynamics (CFD) incorporating
advanced coal combustion submodels, the reference case was established in good agreement with
the design data, and different flow ratios of burner secondary air, close-coupled OFA (CCOFA),
and SOFA were evaluated. Increasing the total OFA ratio effectively suppressed NO formation
within the burner zone but had a negative impact on the boiler performance. With moderate air
staging, NO reduction became active between the CCOFA and SOFA levels and, therefore, the OFA
distribution could be optimized for the overall boiler performance. For total OFA ratios of 25% and
30% with respective burner zone stoichiometric ratios of 0.847 and 0.791, increasing the SOFA ratio to
15% and 20%, respectively, was ideal for decreasing the unburned carbon release and ash slagging as
well as NO emission. Too high or low SOFA ratios rapidly increased the unburned carbon because of
inefficient mixing between the strong air jets and char particles. Based on these ideal cases, the actual
air distribution can be adjusted depending on the coal properties such as the ash slagging propensity.

Keywords: coal; combustion; computational fluid dynamics; boiler; overfire air; NOx emission

1. Introduction

NOx emission from coal-fired power plants has become a crucial issue in the power industry in
Korea because of its contribution to the formation of secondary particulate matter of less than 2.5 μm
(PM2.5) by photochemical reactions. Due to climate change in the Korean Peninsula and the increase
of inbound pollutants, severe haze events have become frequent in recent years [1,2]. The contribution
of secondary PM originating from coal-fired power plants is yet to be clarified among the inbound and
domestic sources. However, air quality concern has a negative impact on the public perception of coal
power and has changed energy policy including the temporary shutdown of old plants, as well as more
stringent emission regulations. Although advanced combustion technology and efficient gas cleaning
equipment are already in use, further lowering the pollutant emission from existing power plants to
the minimum has become a most urgent issue. This applies to existing power plants, which include
20 units of 500 MWe tangential-firing (TF) boilers in Korea that have been built since 1993 with an
identical design and are referred to as the ‘standard’ 500 MWe unit.

NOx emission reduction has been a key topic of combustion and gas cleaning technology. As the
primary measure, the formation of NOx needs to be minimized by a combination of air staging,
fuel staging, and low-NOx burners [3]. NOx can then be removed by secondary measures such as
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selective catalytic or non-catalytic reduction. In particular, NOx emission from coal is dominated by
the fuel NOx mechanism, and therefore optimizing the reaction stoichiometry by air staging is very
effective for its reduction. One advanced technique of air staging is the use of separated overfire air
(SOFA) injected distantly above the burner zone. It is differentiated from close-coupled OFA (CCOFA)
which is injected immediately above the top burners in a TF boiler. Adjusting the CCOFA ratio can
be helpful in reducing NOx [4], but multi-level air staging by the use of SOFA can provide increased
retention time for the reduction reactions to be more effective. The SOFA technique can also be applied
to the 20 standard TF boilers in Korea by retrofit.

Together with NO emission, furnace exit gas temperature (FEGT) and unburned carbon (UBC)
in ash are the key performance parameters of boiler operation associated with the operability and
efficiency [5]. Various studies of the optimization of SOFA to improve boiler performance have
been reported in the literature based on experiments and/or computational fluid dynamics (CFD).
Increasing the SOFA ratio and optimizing its detailed distribution were found to be effective in reducing
NOx emission for various boiler types [6–13]. However, the change in reaction stoichiometry can also
significantly alter the combustion and heat transfer characteristics. In the study of Zha et al. [9] in
a 600 MWe TF boiler, increasing the SOFA ratio from 10% to 40% achieved 50% reduction in NOx
emission with more uniform heat flux distribution. However, this accompanied an unfavorable
increase in the UBC in the fly ash, in the CO concentration, and in the flue gas temperature at the
platen superheater, together with a significant change in the heat absorption pattern between the wall
and convective heat exchangers. Li et al. [14] performed experiments on various damper openings
of secondary air (SA) in the burner zone, CCOFA, and SOFA for a retrofitted 300 MWe TF boiler,
and found that an ideal setup reduced the NOx emission by 44% with the UBC in ash not influenced
at a sacrifice in boiler efficiency of 0.21%. The aerodynamics of SOFA also has a large influence on
the UBC and heat absorption pattern in the heat exchangers downstream and adjusting the yaw and
tilt angles of SOFA can alleviate such problems [15–17]. The reducing atmosphere in the burner zone
by increasing the SOFA ratio may increase the possibility of fireside corrosion by H2S. In this respect,
the experimental study of Xu et al. [18] reported that the air distribution can be adjusted to reach
a balance between low corrosion, low NOx emission, and high boiler efficiency.

This study was to optimize the flow rate distribution of CCOFA and SOFA for NOx reduction in
the standard 500 MWe TF boiler to be retrofitted including the installation of SOFA. Different ratios of
flow rates between the burner secondary air, CCOFA, and SOFA were simulated. The CFD method was
validated using the design data for the reference case of the retrofit boiler. From the results, the boiler
performance was evaluated to determine the ideal flow ratios, and to understand the reasons for the
differences in terms of NOx emission, UBC in ash, furnace exit gas temperature (FEGT), heat transfer
rates, boiler efficiency, and the possibility of high-temperature corrosion.

2. Target Boilers and Numerical Methods

2.1. Target Boiler and Operation Conditions

Figure 1 shows a schematic of the 500 MWe coal-fired TF boiler modified from its original design.
The modification was intended to adjust the operation range to low-rank coals and to improve its
efficiency with an increased steam temperature from 538 ◦C to 596 ◦C. Because the original boiler
only had CCOFA for air staging, SOFA was to be installed for the efficient reduction of NOx emission.
This retrofit was also expected to extend its lifetime by ten years. The burner zone had six levels of coal
burners (A to F levels) installed on the corners to create a swirling flow (fireball) at the center. It was
divided into three sections with two burners each having an identical arrangement of coal and air
supply ports as illustrated in the figure. Each coal burner aerodynamically split the coal and primary air
flow into concentrated and weak ports depending on the coal concentration. The CCOFA was injected
through four ports immediately above the top burner F on each corner. In the retrofit design, the SOFA
was located 6.144 m above the CCOFA with two ports on each corner and one each on the adjacent
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side walls. The convective heat exchangers in the upper part had a new arrangement consisting
of superheaters (SH) and reheaters (RH) with different tube bank geometry and steam conditions.
An economizer (ECO) was located in the backpass. The furnace was built with membrane tube walls
that act as an evaporator of the preheated water from the ECO. The new steam pressure and temperature
leaving the final SH to the high-pressure turbine were 255.4 kg/cm2g and 596 ◦C, respectively.

 

Figure 1. Schematic of the 500 MWe coal-fired tangential-firing (TF) boiler.

Table 1 presents the characteristics of the performance coal and summary of the operating
conditions. The coal for the retrofit boiler was sub-bituminous with a higher heating value (HHV)
of 5600 kcal/kg which was significantly lower than that for the old design coal (6300 kcal/kg). At the
nominal rate load, the coal throughput was 55.583 kg/s which delivered 1303 MWth of thermal input on
an HHV basis. The coal was pulverized to an average particle size of 50 μm, and partially dried by hot
primary air to have a moisture content of 8.6% and a mass flow rate of 50.494 kg/s. It was transported
by the primary air (including the evaporated moisture) from the pulverizers to the burners a to E.
The secondary air (SA) with a total flow rate of 355.1 kg/s at 326 ◦C was distributed into different ports
of the burner SA, CCOFA, and SOFA. The overall excess air ratio was 12.94%.

Table 1. Operating conditions of the 500 MWe coal-fired boiler.

Input Values

Coal properties

Proximate analysis (% wet): Total moisture 17,
volatile matter 31.36, fixed carbon 43.89, ash 7.75
Ultimate analysis (% daf): C 76.95, H 5.34, O 16.01, N
1.19, S 0.51
Higher heating value (HHV): 5600 kcal/kg

Coal throughput 55.583 kg/s (50.494 kg/s after drying/pulverization)

Primary air 121.2 kg/s, 224 ◦C (126.3 kg/s, 77 ◦C after
drying/pulverization)

Total secondary air 355.1 kg/s, 326 ◦C
Excess air ratio 12.94%

Table 2 summarizes the simulation cases for various distributions of CCOFA and SOFA. In the
first set of cases, the SOFA ratio was increased from 15% to 35%, while fixing the CCOFA ratio at
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5%. These values corresponded to the burner zone stoichiometric ratio (SR) of 0.904 to 0.678. In the
second set, the distribution between CCOFA and SOFA was varied from 0% to 25% by 5% increments,
while fixing the total OFA ratio at 25%. Each case was named after the ratio in the two OFA ports.
For example, C05-S20 refers to the case with 5% CCOFA ratio and 20% SOFA ratio. This is the reference
case to be used for validation of the CFD results by comparison with the design data.

Table 2. Cases of various close-coupled overfire air (CCOFA) and separated overfire air (SOFA) ratios
for computational fluid dynamics (CFD) simulations.

Case Set Case Name
Ratio in Total Combustion Air (%) Burner

Zone SR
Note

CCOFA SOFA Total OFA

Set #1 C05-S15 5 15 20 0.904
C05-S20 20 25 0.847 Reference case
C05-S25 25 30 0.791
C05-S30 30 35 0.734
C05-S35 35 40 0.678

Set #2 C25-S00 25 0 25 0.847
C20-S05 20 5
C15-S10 15 10
C10-S15 10 15
C05-S20 5 20 Reference case
C00-S25 0 25

Set #3 C30-S00 30 0 30 0.791
C25-S05 25 5
C20-S10 20 10
C15-S15 15 15
C10-S20 10 20
C05-S25 5 25
C00-S30 0 25

2.2. CFD Modeling

The mesh was constructed for the boiler using 3,529,358 cells. This mesh was selected after
assessing the sensitivity by comparing the degree of numerical diffusion between coarser (1.23 million
cells) and finer (5.47 million cells) meshes. In these meshes, the cell fineness was varied only in the
burner zone to have a respective average volume of 0.0114, 0.0034, and 0.0022 m3/cell. Compared to the
finer mesh, the selected one exhibited very small deviations in the key performance parameters (0.12%
in carbon conversion, 1.9% in the exit NO concentration, and 0.2% in the heat absorption on the furnace
wall). In the detailed comparison for the flow pattern along the vertical centerline, the deviations from
the results of the finer mesh were 4.7% in the velocity profile and 0.71% in the temperature profile.
By contrast, the coarser mesh had deviations of 17.58% and 1.11%, respectively. The computation time
for the selected mesh to reach a converged solution was 69% of that for the finer mesh. The details of
the mesh sensitivity test together with the iteration strategy have been reported elsewhere [19].

The CFD simulations were performed using ANSYS Fluent (version 17.2) [20] with submodels
for reactions, turbulence, and radiation, most of which have been reviewed by Sankar et al. [5] as
common models applied to a coal-fired boiler. The reaction submodels are summarized in Table 3.
Coal particles were tracked using the discrete phase method for 10 size fractions ranging between
5.9 μm and 204 μm, with a total of 49,560 particles. FLASHCHAIN [21] was used to determine
the input parameters for coal devolatilization in a drop tube furnace at 1200 ◦C which was close
to the heat transfer condition of pulverized particles in the boiler. This code predicted the reaction
dynamics based on the semi-empirical coal network mode to provide the product yields (tar, CO, CO2,
H2O, CH4, C2H4, C2H6, C3H6, HCN, H2S, and solid char) and reaction kinetics as listed in the table.
Because the heating rate was much faster than that in the proximate analysis, the total volatiles yield
(58.56% daf) was larger than the volatile matter content (41.67% daf) in Table 1. Because of sharing
the same mass source from devolatilization and having similar reaction rates, C2+ hydrocarbons were
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simplified to an imaginary species of CxHy. The yield and composition of tar were modified to include
the H and O fractions of char so that the char could be modelled as a pure carbon solid and ash.
For simplicity, it also incorporated the two minor volatiles (HCN and H2S). Char conversion by O2,
CO2, and H2O was solved using the unreacted core shrinking model (UCSM) [22] which is suitable
for high-temperature reactions in the industrial-scale furnace and the release of the UBC in fly ash.
This model considers the three competing rates of the heterogeneous reaction on the char core surface
and the gas diffusions onto the particle and through the ash layer. With the UCSM, the decrease in the
reactivity toward the end of char conversion can be simulated, which was required to predict the UBC
in fly ash. The multiple volatile products and the UCSM were implemented into the CFD code using
user defined functions (UDF).

Table 3. Summary of submodels adopted for boiler simulation.

Category Submodels

Coal combustion

-Devolatilization: FLASHCHAIN [21]
Dry coal→58.56 wt% daf Volatiles + 32.91 wt% daf C(s)(Char)
Composition of Volatiles: Tar 32.57, CO 3.31, CO2 3.89, H2O 14.35, H2
0.71,
CH4 1.99, CxHy 1.73 wt% daf
Devolatilization rate:
dV
dt = A exp

(
− E

RT

)
(V0 −V); E = 5.49 kcal/mol, a = 7.89 × 103 s−1

-Char combustion: Unreacted core shrinking model [22]
Rchar,i =

1
1

kdi f f ,i
+ 1

ks,iY2 +
1

kdash,i
( 1

Y−1)

(
Pi − P∗i

)[
g cm−2 s−1

]

kdash = kdi f f ε
2.5, Y = dchar/dp

(R1) C(s) + 0.5 O2 → CO

ks = 8710 exp(−17967/Ts), kdi f f = 1.383× 10−3
(

T
1800

)0.75
/
(
Ptdp
)

Pi − P∗i = PO2

(R2) C(s) + H2O→ CO+H2

ks = 247 exp(−21060/Ts), kdi f f = 1× 10−3
(

T
2000

)0.75
/
(
Ptdp
)

Pi − P∗i = PH2O − (PH2 · PCO)/Keq, Keq = exp[17.644− 30260/(1.8Ts)]
(R3) C(s) + CO2 → 2 CO

ks = 247 exp(−21060/Ts), kdi f f = 7.45× 10−4
(

T
2000

)0.75
/
(
Ptdp
)

Pi − P∗i = PCO2

Species, gas reaction

-Species: Tar, CO, CO2, H2, CH4, CxHy, H2, SO2, O2, N2
-Reaction mechanism [23,24]
(R4) CxHyOz (tar) + a O2 → x CO + 0.5y H2
(R5) CnHm + 0.5n O2 → n CO + 0.5m H2
(R6) CnHm + 0.5n H2O→ n CO + 0.5(m+n) H2
(R7) CH4 + 0.5 O2 → CO + 2 H2
(R8) CH4 + 0.5 H2O→ CO + 2.5 H2
(R9) CO + H2O→ CO2 + H2
(R10)H2 + 0.5 O2 → H2O
-Reaction rate: kinetic rate/eddy dissipation rate model [25]

Discrete phase
-Lagrangian scheme with stochastic tracking for turbulence
-Number of particles: 49,560
-Particle size: 5.88–204 μm

NOx
-Thermal NOx: Extended Zeldovich mechanism [26]
-Fuel NOx: De Soete [27]
-Fuel-N intermediate: HCN 83.33%, NH3 16.67%

Gaseous reactions (R4)−(R10) were based on the global reaction scheme of Jones and Lindstedt [23]
for hydrocarbon and the tar oxidation rate for (R4) was taken from Smoot and Smith [24]. In the reaction
rate, the turbulence-chemistry interaction was considered using the kinetic rate/eddy dissipation rate
model [25] with the realizable k-ε model employed for turbulence.

Regarding the heat transfer, radiation was solved using the discrete ordinate method with the
weighted sum of the gray gases model for gas absorption [28]. In the boundary condition, the entire
furnace wall (evaporator) was set to have the average water/steam temperature of 652.15 K with an
overall heat transfer coefficient of 250 W/m2K and inner wall emissivity of 0.7. The heat transfer
coefficient was taken as the average of measured values 3.51–4.37 m2K/kW of thermal resistance
equivalent to 229–285 W/m2K depending on the coal types [29]. The tube bundles from primary SH to
the economizer were simplified as porous zones, with local source terms calculated for flow resistance,
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convection, and radiation based on the detailed geometry and steam conditions [30]. In brief, the inertial
resistance in the lateral and transverse directions was calculated using the Jakob correlation [31]:

Δp =
2 f ′Gmax

2NL

ρ

(
μs

μ

)0.14

(1)

f ′ = [0.044 +
0.08
(SL

D

)
(ST

D − 1
)0.43+1.13D/SL

]Re−0.15 (2)

Similarly, the heat transfer rate in each cell was calculated as the sum of convection (
.
qconv) and

radiation (
.
qrad) for the specific tube surface area per unit volume (As):

.
qconv = fconvAs

k Nu
D

(
Tgas − Ts

) [
W/m3

]
(3)

.
qrad = fradεσAs

(
Tgas

4 − Ts
4
) [

W/m3
]

(4)

The Nusselt number (Nu) for convection was determined from the Zukauskas correlation [32]:

Nu = 0.40ReD
0.6Pr0.36 (5)

The above equations include two correction factors (fconv and frad) that were introduced to consider
the slagging/fouling factors and tuned to match the design values. The formulations for the flow
resistance and heat transfer rates were implemented using UDFs.

NO reactions were calculated by post-processing of the CFD results. Thermal NO reactions
were based on the extended Zeldovich mechanism with the rate constants taken from Hanson
and Salimian [26] and the radical concentrations acquired from the respective partial equilibrium
assumptions. In the fuel NO mechanism [27], the partitioning of fuel-N between volatile-N and char-N
was determined using FLASHCHAIN. The release of N intermediates during the devolatilization of
the low rank coal was assumed to be HCN 5:NH3 1, whereas the char-N was converted directly to NO.
The reduction of NO to N2 on the active char surface was considered with a microscopic surface area
that was assumed to be 100 m2/g. Prompt NO was ignored because its concentration is known to be
minor [3].

3. Results

3.1. Reaction and Heat Transfer in the Reference Case

The key results for the reference case (C05-S20) are explained in this section to understand the
flow, reaction, and heat transfer characteristics of the boiler before comparisons between the simulation
cases varying the CCOFA and SOFA ratios. As shown in Figure 2, the flow and combustion patterns
were characterized by the formation of a large swirling fireball across the burner zone which is typical
for a TF boiler. The fireball was pushed to the center by the large momentum delivered by the jets
from the burners on the corners, whereas it expanded towards the wall by the centrifugal force in the
spacings between the burners B and C, and D and E. This created the crescent shapes of a high velocity
region above 20 m/s in the vertical cross-section of Figure 2a. With the increase of flow rate from the
burners a to E, the fireball size became larger. Above the SOFA, the fireball finally expanded, before the
flow entered the tube bundles. The path-lines from the burner a in Figure 2b show that the flow from
this burner filled the bottom section, and then moved upward through the center of the fireball. The jet
flows from the other burners above joined the swirling flow of the fireball mostly at its outer part.
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(a)                     (b)  

Figure 2. Velocity contours and path-line from burner a for the reference case (C05-S20) (a) Velocity
and (b) Path-line.

Figure 3a shows the temperature on the selected cross-sections and heat flux on the wall.
The bottom cone region was filled with the flow from burner a and was cooled down to a low
temperature by heat transfer to the wall. It then entered the center of the fireball, which created the
bell-shaped low-temperature (<1000 ◦C) region in the lower furnace. The temperature gradually
increased by introduction of more coal along the height to form the high-temperature zone above
1500 ◦C, which stretched from the near-wall region of the burner D level to the center at the SOFA level.
The cold SOFA jets at 326 ◦C caused a temperature drop by dilution although it delivered additional air
for burnout of the remaining char and combustible gases. The temperature decreased rapidly above
the primary SH which virtually stopped further gaseous or heterogeneous reactions. The wall heat
flux shown in Figure 3b was large in the burner zone with a peak of 220.6 W/m2 appearing on the
burner D level which coincided with the temperature contours.
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(a)                       (b)  

Figure 3. Temperature and wall heat flux for the reference case (C05-S20). (a) Temperature and (b) Wall
heat flux.

Figure 4 shows the solid carbon concentration and the rates of char conversion reactions. The solid
carbon in char particles had high concentrations (>0.01 kg/m3) close to the wall caused by the inertia of
the swirling flow. In addition, some char particles originating from the lowermost burners filled the
bottom cone and then entered the center of the fireball from below with insufficient char conversion.
Because the burner zone was fuel-rich (SR of 0.847), the solid carbon remained at the top of the burner
zone. The CCOFA and SOFA delivered the rest of the air for char oxidation. Although the overall
SR became fuel-lean, solid carbon was present in the heat exchanger zone because the mixing by the
OFA jets was not perfect. In particular, unburned char particles were present mostly on the corners of
cross-section (1) with a concentration over 5 × 10−5 kg/m3 in Figure 4a. On cross-section (2), the carbon
concentration decreased along the SOFA paths to below 2 × 10−6 kg/m3 by slow oxidation but the
corners still had concentrated char particles. Above this section, the temperature was not high enough
for further char reactions, which led to the UBC in fly ash. The contour on the vertical cross-section in
Figure 4a appears to have an increased carbon concentration in the top furnace because the mixing of
the particles from the corners with the gas flow slowly progressed. Therefore, the trajectories of OFA
jets and its mixing with the char particles are important in reducing the UBC before they enter the
heat exchangers.

48



Energies 2019, 12, 3281

 

(a)                                    (b)                            (c)  

Figure 4. Solid carbon concentration and char conversion rates for the reference (C05-S20). (a) Solid
carbon concentration; (b) Char-O2 rate and (c) Char-CO2 rate.

As shown in Figure 4b, the char oxidation reactions were active in the outer part of the fireball
where most char particles were present, and the combustion air was delivered. However, no oxidation
occurred in the bottom cone, at the center of the fireball, and above the primary SH, because the
temperature was not high enough and/or O2 was depleted. Because the temperature was high enough
in the burner zone, the gasification by CO2 and H2O also made a significant contribution to the char
conversion (Figure 4c). Integrating the reaction rates over the entire volume, the two gasification
reactions accounted for 36.7% of char conversion and the remainder by oxidation.

Figure 5a shows that O2 delivered by the burner SA was consumed rapidly and was depleted
in most of the burner zone. By contrast, O2 from the SOFA penetrated deeper, because in this case,
the SOFA ratio was relatively large (20%). The excess O2 then approached the wall as the fireball
expanded. O2 was fully consumed at the central region above the SOFA to have a very low solid
carbon concentration. After the flow entered the heat exchanger zones, the fireball quickly disappeared,
and the mixing slowly progressed. The CO mole fraction above 5% appeared along the path of coal
particles in the burner zone, as shown in Figure 5b. In particular, its concentration was very high on
the sidewalls of burners C and D. The excessively reducing atmosphere can increase the possibility of
high-temperature corrosion of the wall. Without further fuel supply, the CO mole fraction decreased
rapidly by the CCOFA injection and became below 0.25% on the SOFA level. On the platen SH, the CO
concentration was 46 ppm.
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(a)                   (b)  

Figure 5. Mole fractions of O2 and CO for the reference case (C05-S20). (a) O2 mole fraction and (b) CO
mole fraction.

Figure 6 shows the reaction rate and concentration of NO. Along the trajectories of coal particles,
the fast devolatilization with very high heating rate released the N-intermediates which were partially
oxidized to produce NO under the oxygen-rich atmosphere with the PA and burner SA around.
This was followed by char conversion releasing NO directly from char-N. This led to the regions of fast
NO formation rates of over 1 × 10−6 kmol/m3.s, which coincided with those of high concentrations
of solid carbon (Figure 4a) and O2 (Figure 5a). Outside these regions, however, O2 was depleted
and the reducing atmosphere caused the removal of NO (negative reaction rates). In particular,
rapid reduction reactions (<−1 × 10−6 kmol/m3.s) took place by the remaining N-intermediates and
by char with the already produced NO in the region around the coal jets where O2 was depleted.
Also, the volume between the CCOFA and SOFA provided the spaces for further reduction reactions of
NO, mainly by residual char. Integrating the reaction rates, the NO emission was dominated by the
fuel NO mechanism, and the contribution of the thermal NO mechanism was only approximately 10%.
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(a)                            (b)  

Figure 6. Reaction rate and concentration of NO for the reference case (C05-S20). (a) NO rate and
(b) NO concentration.

Table 4 compares the design data and CFD results for the reference case. The difference of O2

concentration between by design and the CFD result was 0.02%, owing to the release of UBC in fly ash
and bottom ash. The predicted NO concentration was below the guaranteed value. The predicted heat
absorption on the furnace wall using the measured thermal resistance was very close to the design
value with a deviation of 0.04 MWth. The heat absorption on the tube bundles calibrated using fconv and
frad was reasonably close to the design values. These results also imply that the predicted temperature
distribution along the furnace height would be reasonable. However, this study was for the proposed
boiler retrofit and the modeling approach was not validated by experiments. Therefore, the focus was
on the comparative evaluation of the key performance parameters between simulation cases.

Table 4. Comparison of design data and CFD results for the reference case.

Parameter Design CFD

Exit O2 (% dry) 2.45 2.47
Exit NO (ppm, 6% O2) <150 99.75

Heat absorption Furnace wall 562.31 562.27
(MWth) Primary SH 88.74 84.00

Platen SH 102.81 99.96
Final SH 113.04 108.75
Primary RH 128.86 129.59
Final RH 75.36 71.05
Economizer 72.92 73.29

3.2. Influence of SOFA Ratios

Figure 7 compares the mass-weighted average profiles of temperature, O2, solid carbon, and NO
concentrations for various SOFA ratios at a fixed CCOFA ratio of 5% and total OFA ratio of 25% (case set
#1 in Table 1). In the burner zone, the temperature and O2 profiles were spread with a deviation of
approximately 150 ◦C and 1%, respectively, with an increase in the SOFA ratio and corresponding
decrease in the burner zone SR. The trends were inverted at the SOFA level by fast oxidation reactions
of combustible gas species. The temperature profile influenced the distribution of heat absorption
between the wall and tube bundles, which will be presented later. The carbon concentration exhibited
acute changes responding to the fuel air supply from each coal burner in the burner zone. On the
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burner E, it varied from 0.00095 kg/m3 (C05-S15) to 0.00175 kg/m3 (C05-S35). With no further fuel
supply above this level, it showed a continuous decrease to a value below 0.0001 kg/m3, with a final
carbon conversion of 99.92% (C05-S15) and 99.80% (C05-S35). However, the differences between the
cases in terms of UBC in fly ash were significant, which will be presented later.

 
(a)                       (b)                       (c)                        (d) 

Figure 7. Mass-weighted average profiles of gas temperature and concentrations of O2, solid carbon,
and NO in the burner zone for different SOFA ratios (CCOFA ratio fixed at 5%). (a) Temperature; (b) O2;
(c) Solid carbon and (d) NO.

In Figure 7d, the NO concentration sharply increased between the burners A–E, owing to the
dominant contribution of fuel NO. Comparing the value between cases, both the thermal and fuel NO
formations were suppressed at higher SOFA ratios having lower O2 concentration and temperature.
In particular, NO reduction reactions were active in the region where O2 was locally depleted,
as indicated by the decreases in the concentration between the burner levels of B and C, and D and E.
On the burner F (standby) level where all the fuel has already been introduced, NO concentration was
128 ppm for C05-S35 and 251 ppm for C05-S15. However, between the volume between the F burner
and the first SOFA ports, low SOFA ratios exhibited active NO reduction reactions which lowered
the NO concentration to 181 ppm (−70 ppm from the value on the F level) for C05-S15. By contrast,
NO concentration of C05-S35 on the first SOFA level was 110 ppm (−18 ppm). Then, the SOFA injection
through the two port levels had an immediate dilution effect that further lowered the NO concentration
to 151 ppm (−30 ppm) for C05-S15 and 93 ppm (−17 ppm) for C05-S35. Above the SOFA level,
NO concentration was not significant. These results suggest that a high level of air staging is effective
for low NO concentration within the burner zone and, therefore, the OFA distribution between the
CCOFA and SOFA would not be crucial. However, for a moderate level of air staging, securing the
volume (i.e., time) for NO reduction reactions is essential by the installation of SOFA and increasing its
ratio larger than the CCOFA ratio.

Although large SOFA ratios effectively reduced NOx emission, negative impacts were accompanied
on the boiler performance. Figure 8 shows the NOx emission and UBC in fly ash at the boiler exit and
FEGT. FEGT was determined from the average gas temperature entering the first tube bundle (primary
SH). The UBC represents the boiler efficiency, while the FEGT is associated with the propensity of
ash slagging on the tube bundles. NOx emission was reduced from 109.9 ppm to 73.2 ppm (a 33.4%
reduction) on a 6% O2 basis by the increase in the SOFA ratio, but the FEGT was increased by 62.6 ◦C,
while the UBC was more than tripled. Therefore, the use of SOFA ratio as high as 35% was not favorable.
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Figure 8. Comparison of NOx emission, unburned carbon (UBC) in fly ash, and furnace exit gas
temperature (FEGT) for different SOFA ratios (CCOFA ratio fixed at 5%).

Figure 9 compares the heat absorption by heat exchangers for different SOFA ratios, which was
closely associated with the temperature profile shown in Figure 7. On increasing the SOFA ratio,
the heat absorption by the furnace wall was decreased from 599 MWth for C05-S15 to 524 MWth for
C05-S35 by the lower gas temperatures of the burner zone. Because the trend in the temperature
was inverted above the SOFA level, the heat absorption in the tube bundles of SHs, RHs, and ECO
increased from a total of 543 MWth for C05-S15 to 614 MWth for C05-S35. The resultant boiler efficiency
was 87.61%–87.30% on an HHV basis, which is also plotted in Figure 9. Together with the lower boiler
efficiency, the increase in the SHs and RHs at the larger SOFA ratios has an unfavorable impact on the
boiler operation. This is because it increases the possibility of high steam temperature at the final SH
and RH exits that requires more water spray by the attemperator to maintain the value below the limit.

Figure 9. Comparison of heat absorption by heat exchangers and boiler efficiency for different SOFA
ratios (CCOFA ratio fixed at 5%).

One additional issue to assess is the influence on corrosion of the water wall. With the increase
in the OFA ratio, the burner zone SR decreased from 0.90 (C05-S15) to 0.68 (C05-S35). The more
reducing environment in the furnace increases the possibility of high-temperature corrosion by the
presence of H2S, COS, and CO [33], which shortens the lifetime of the boiler. As summarized in Table 5,
the wall of the burner zone was exposed to more CO and less O2 with a decrease in the burner zone SR.
Here, the CO concentration can directly represent the degree of reducing atmosphere. Using a CO mole
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fraction larger than 0.5% as the criterion of the strongly reducing atmosphere, the difference in each
case was within 3% for the OFA ratio up to 30% (C05-S25). Above this value, the area increased rapidly.
Therefore, an OFA ratio of 30% can be considered as the limit to avoid excessive corrosion, and 25%
would be acceptable, considering the trade-off between NO emission and overall boiler performance.

Table 5. Average mole fractions of CO and O2 and the area with CO > 0.5% on the wall of the
burner zone.

Case C05-S15 C05-S20 C05-S25 C05-S30 C05-S35

Mole fraction on the burner
zone wall [%]

CO 0.329 0.355 0.462 0.609 0.704
O2 0.783 0.657 0.617 0.657 0.572

Wall area with CO > 0.5% in the burner zone 16.0 18.7 21.9 35.5 42.1

3.3. Influence of Different Air Distributions between SOFA and CCOFA

Figure 10 compares the profiles of gas temperature and concentrations narrowed to the region
between burner E level and primary SH for different CCOFA/SOFA distributions with a total OFA ratio
fixed at 25% (case set #2 in Table 1). Because the operation conditions of the burner zone were identical,
the profiles below E level were the same as those of C05-S20 shown in Figure 7. High CCOFA ratios
caused immediate temperature drops from approximately 1510 ◦C along the four ports, but the fresh
air supply recovered the temperature more, by increased oxidation reactions above the CCOFA. It was
followed by another temperature drop by the SOFA injection, but the temperature increase above the
SOFA was noticeable only at higher SOFA ratios (C10-S15, C05-S20, and C00-S25). The solid carbon
concentration above the CCOFA ports was higher for C00-S25 and C05-S20 due to the shortage of O2,
but the rest of the cases had similar values. After the SOFA injection, C00-S25 exhibited more active
decrease in solid carbon concentration but its rate was not as fast as those in the burner zone. This led
to the highest UBC in the fly ash for this case.

 
(a)                    (b)                    (c)                     (d) 

Figure 10. Mass-weighted average profiles of gas temperature and concentrations of O2, solid carbon,
and NO between E burner level and primary superheater for different CCOFA/SOFA distribution (total
OFA ratio fixed at 25%). (a) Temperature; (b) O2; (c) Solid carbon and (d) NO.

In the NO profile, the CCOFA injection caused immediate decrease by dilution, splitting the
values from 218 ppm on the lowermost CCOFA port level to a range between 174−210 ppm at the top
CCOFA port level. The degree of NO reduction reaction in the volume between the CCOFA and SOFA
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depended on the O2 concentration, as indicated by the fact that the slope in the NO concentration
was proportional to the SOFA ratio. This significantly reduced the difference in the NO concentration
before the SOFA level. Then, the trend was almost inverted after the SOFA injection by dilution, but the
values of C05-S20 and C00-S25 were similar to that for C10-S15. The NO reduction reactions slowly
continued until the gas entered the primary SH and the temperature decreased rapidly.

Figure 11 compares the key performance parameters for different CCOFA/SOFA distributions in
case set #2. The UBC content in fly ash, NO emission, and FEGT had favorable results by increasing
the proportion of SOFA up to 15% for a total OFA ratio of 25%. Therefore, C10-S15 was the ideal
case in this case set. Above this SOFA ratio, both NO emission and FEGT did not change noticeably.
However, the UBC content increased rapidly. This was mainly because too strong jets of CCOFA or
SOFA led to an inefficient mixing between the char particles and fresh oxygen. This can be confirmed
from the path-lines shown in Figure 12 for CCOFA for C25-S00 and SOFA for C10-S15 and C00-S25
drawn on the contours of solid carbon concentration. In the lowermost cross-section, the char particles
were present mainly near the wall by the centrifugal force of the fireball. The strong jets by the largest
CCOFA or SOFA ratios (C25-S00 and C00-S25, respectively) penetrated deeper into the furnace, and the
solid carbon concentration decreased rapidly along their trajectories. However, a significant fraction
of char particles escaped the cross-sections through the spaces not covered by the OFA trajectories.
In contrast, the jets of CCOFA and SOFA in C10-S15 had a moderate momentum that supplied fresh
oxygen to the region near the wall where char particles were more concentrated. This explains the low
UBC in this case. The quenching effect by the OFA jets appeared not to be significant, because in all
cases, the entrained char was effectively converted. The heat absorption pattern and boiler efficiency
were little influenced by the CCOFA/SOFA distribution, as shown in Figure 13.

Figure 11. Comparison of NOx emission, UBC in fly ash, and FEGT for different CCOFA/SOFA
distributions (total OFA ratio fixed at 25%).
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Figure 12. Solid carbon concentration and path-lines of CCOFA (foe C25-S00) and SOFA (for C10-S15
and C00-S25).

Figure 13. Comparison of heat absorption by heat exchangers and boiler efficiency for different
CCOFA/SOFA distributions (total OFA ratio fixed at 25%).

Figure 14 compares the key performance parameters for different CCOFA/SOFA distributions in
case set #3 with a total OFA ratio fixed to 30%. The trends in the parameters were similar with those
in case set #2 shown in Figure 11, but the NO emissions were lower whereas the FEGT was higher.
From the results, C10-S20 could be considered ideal at 30% OFA ratio. Compared to C10-S15 (ideal in
case set #2 at 25% OFA ratio), the NO emission (90 ppm) was lowered by 10 ppm whereas the FEGT
(1320 ◦C) and the UBC content (0.39%) were 14 ◦C and 0.14% higher, respectively.
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Figure 14. Comparison of NOx emission, UBC in fly ash, and FEGT for different CCOFA/SOFA
distributions (total OFA ratio fixed at 30%).

Overall, the results indicate that the CCOFA/SOFA distribution for a fixed total OFA ratio can be
optimized for improved boiler performance. Compared to the case with CCOFA only (C25-S00) before
the retrofit of this boiler, the overall performance can be significantly enhanced in terms of the NOx
emission, the FEGT, and the UBC content in fly ash. With the SOFA installation, cases C10-S15 and
C10-S20 were ideal for the OFA ratios of 25% and 30%, respectively. The actual air distribution can be
adjusted around these cases, depending on the fuel properties such as ash slagging propensity, fuel N
and S contents, heating value, etc.

4. Conclusions

This study investigated the performance of a 500 MWe tangential-firing coal boiler for optimization
of the air distribution with an installation of SOFA. Using CFD, the reference case was established
in a good agreement with the design data and different air distributions were evaluated for key
performance parameters. Increasing the SOFA ratio led to lower NO emission because the NO
reduction reactions were more active within the burner zone. However, too large SOFA ratios caused
negative impacts on the boiler performance and increased the propensity of slagging and corrosion.
With a moderate level of air staging, the NO reduction was also active between the CCOFA and SOFA
levels and, therefore, the OFA distribution could be optimized to achieve good boiler performance as
well as a low NO emission. For total OFA ratios of 25% and 30% (the burner zone stoichiometric ratio
of 0.847 and 0.791, respectively), increasing the SOFA ratio to 15% and 20%, respectively, was ideal
for significant reduction in NOx, unburned carbon in fly ash, and furnace exit gas temperature,
compared to the case with CCOFA alone before the retrofit. Too high SOFA or CCOFA ratios at the
fixed OFA ratios rapidly increased the unburned carbon, because of insufficient mixing between the
strong air jets penetrating deep into the center and char particles concentrated near the wall. The heat
absorption pattern and boiler efficiency were not noticeably influenced by the distribution between
CCOFA and SOFA.
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Nomenclature

Symbols
A Pre-exponential factor [s−1]
As Specific tube surface area per unit volume [m2/m3]
d Diameter [cm]
D Tube diameter [cm]
E Activation energy [kJ/kmol]
f Correction factor
f’ Friction factor
G Mass velocity [kg/m2·s]
Keq Chemical equilibrium constant

k
Reaction rate [g·cm−2·atm−1·s−1], Thermal
conductivity [W/m·K]

N Number of tube
Nu Nusselt number
P Pressure [atm]
Pr Prandtl number
Δp Pressure difference [atm]
.
q Volumetric heat sink [W/m3]

R
Universal gas constant, Reaction rate of char
[g·cm−2·s−1]

Re Reynolds number
S Pitch [m]
T Temperature [K]
V Volatile matter [kg]
Y Char core to particle diameter ratio
Greek Symbols
ε Porosity of the ash layer, Emissivity
ρ Density [kg/m3]
μ Viscosity [kg/m·s]
σ Stefan-Boltzman constant (5.67 × 10−8 [W/m2·K4])
Subscripts
char Unreacted char core
conv Convection
diff Diffusion rate
dash Diffusion rate in the ash-layer
gas Gas
i Index of gasification reaction
L Longitudinal
max Maximum
o Initial
p Particle
rad Radiation
s Surface
t Total pressure
T Transverse
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Abstract: Methanol and ethanol are among the most important biofuels and raw materials used to
produce biorenewable fuels. These fuels are used with varying water contents. Nevertheless, the exact
impact of the water content of these fuels on the energy potential and combustion characteristics
is still unknown. Besides that, there are two noticeable risks (environmental impact of combustion
and fire risk) associated with their production, processing, and utilization. Likewise, impact of the
water content of these fuels on fire risk and the impact of their combustion on the environment
is also unknown. The best indicator of energy potential is the effective heat of combustion, and
the best combustion characteristic and indicator of the impact of the combustion of alcohols on the
environment is the carbon monoxide (CO) yield, whereas the fire risk of liquid fuels is quantified by
the flash point and maximum heat release rate (mHRR). The dependency of flash point on the water
content was determined via the Pensky-Martens apparatus and the dependencies of the effective heat
of combustion, CO yield, and mHRR on the water content were determined via the cone calorimeter.
With increased water content, the flash points of both methanol and ethanol exponentially increased
and the both effective heat of combustion and mHRR almost linearly decreased. In the range of water
content from 0 to 60%, the CO yield of both methanol and ethanol was practically independent of the
water content.

Keywords: biorenewable fuels; ethanol; methanol; combustion; effective heat of combustion; carbon
monoxide yield; cone calorimeter; alternative fuels; fire risk; flame

1. Introduction

Methanol and ethanol are the primary alcohols utilized as biofuels, biorenewable components of
automotive fuels, and raw materials for the production of biorenewable components of automotive
fuels. Of the bio-recoverable components of automotive fuels, methyl tert-butyl ether (IUPAC name:
2-methoxy-2-methylpropane, MTBE) is produced from methanol, and ethyl tert-butyl ether (IUPAC
name: 2-ethoxy-2-methyl-propane, ETBE) is produced from ethanol. In addition, biomethanol and
bioethanol are widely used in households, e.g., as stove fuels.

Both methanol and ethanol are fuels that are fully miscible with water. The unlimited miscibility
with water allows for the preparation and utilization of optimal concentration solutions for each
application. The best indicator of energy potential of fuels is the effective heat of combustion.
The effective heat of combustion of methanol and ethanol fuels decrease with water content increase,
but the exact (under real combustion conditions) impact has not been quantified still. Besides that,
there are two significant risks associated with the production, processing (e.g., formation of MTBE or
ETBE), transport, and utilization of methanol and ethanol. The first major risk is the environmental
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impact, and the second is the fire risk. Likewise, the exact impact of the water content in methanol and
ethanol on the impact of their combustion on the environment and on fire risk has not been quantified.

The impact of alcohol fuel combustion on the environment is expressed by carbon monoxide (CO)
yield per unit released heat. The impact of methanol and ethanol combustion on the environment has
been partially explored in scientific papers by Cooney et al., Zhang et al., Liang et al., and Melo et al. [1–4].
The fire risk of liquid fuels is determined by their flash point, the heat released, and the CO yield per
mass loss. Nevertheless, no scientific paper has examined the complex components of the fire hazard
of methanol and ethanol. Selected components related to the fire risk of methanol and ethanol and
their mixtures were partially examined by Liaw et al., Vidal et al., and Guo et al. [5–7]. The methanol
and ethanol production process is described, e.g., by Kurambhatti et al. and Wang et al. [8,9].

The results from scientific papers of Simonelt et al. and Luche et al. [10,11] show that the combustion
of most fuels produce a large quantity of combustion products. To assess the toxicity of combustion
products, it is not technically or economically possible to measure and assess all of the components of the
combustion products. However, the results of scientific papers of Ometto et al. and Gann et al. [12,13]
and IEC 60695-7:2010, IEC 60695-7-3:2011, and C/VM2:2014 technical standards [14–16] show that
during the combustion of methanol and ethanol (like with most carbon, hydrogen, and oxygen
compounds), only carbon monoxide (CO) is important from the toxicological point of view. Other
compounds are formed in too small a quantity and/or their toxicity is too low to significantly affect
the resultant toxicity of the combustion products. Additionally, the results from scientific papers of
Karlsson and Quintiere [17] and Maricq [18] show that only a negligible amount of soot is produced
during the combustion of methanol and ethanol fuels. Therefore, the toxicity of methanol and ethanol
combustion products is virtually determined by the amount of CO released.

The impact of water content of methanol and ethanol fuels on their combustion characteristics is
very important data for set the parameters of the power equipment (e.g., boilers or stoves) and for fire
risk assessment of these fuels. Nevertheless, there is still missing scientific study clarifies impact of
water content of methanol and ethanol fuels on their combustion characteristics. Therefore, this study
targets to clarify this issue.

The aim of the presented scientific study is to quantify the impact of the water content of methanol
and ethanol fuels on the impact of their energy potential, combustion characteristics, the impact of
their combustion on the environment, and fire risk.

2. Materials and Methods

Samples of methanol and ethanol fuels with a purity of 99.80% by volume, supplied by Centralchem
Slovakia, S.R.O., Bratislava, Slovakia, were used for the research. The raw material for methanol
production was wood and the raw material for ethanol production was corn. The samples were
examined in both their pure and diluted forms. They were diluted using distilled water to provide
water contents of 10, 20, 30, 40, 50, 60, 70, 80, and 90% by volume (pure samples containing 99.80% of
the main components are referred to as samples with a water content of 0%).

The samples containing 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90% of water were used to examine the
effect of water content on the flash point. To examine the impact of water content on the effective heat
of combustion (EHC), heat release rate (HRR), maximum heat release rate (mHRR), maximum average
rate of heat emission (MARHE), and CO yield (per unit mass loss and unit released heat), samples
containing 0, 20, 40, 60, and 80% of water were used.

The impact of water content on the flash point of methanol and ethanol was determined using
the Pensky-Martens apparatus (NPM 131; Normalab, S.A., Naninne, Belgium) according to ISO
2719:2016 [19]. The test procedure complied with ISO 2719:2016 [19] (Test Procedure A) with one
modification. The modification of the test procedure consisted of cooling the sample and the test flask
of the test apparatus prior to testing. Prior to testing the methanol and ethanol solutions with water
contents of 0 to 70%, the samples and the test flask were cooled to −15 ◦C. Prior to testing the methanol
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and ethanol solutions with water contents of 80 and 90%, the samples and the test flask were cooled to
0 ◦C. The Pensky-Martens apparatus has been calibrated according to ISO 2719:2016 [19].

The impact of the water content on the EHC, HRR, mHRR, MRHE, and CO yield (per unit mass
loss and unit released heat) was determined using a cone calorimeter (Dual Cone Calorimeter; Fire
Testing Technology, Ltd., East Grinstead, UK) according to ISO 5660-1:2015 [20]. The test procedure
complied with ISO 5660-1:2015 [20] with one modification. The modification was the replacement of
the solid sample holder with a liquid sample container consisting of a steel circular vessel with an
internal diameter of 106 mm and a height of 20 mm (the wall thickness of the container was 2 mm).
The vessel diameter was chosen so that the surface area of the liquid fuel would correspond to the
surface area of the solid fuel required by ISO 5660-1:2015 [20]. The test procedure and the modification
were described in detail in the scientific paper of Martinka et al. [21]. During the test, the samples, in
compliance with the requirements of ISO 5660-1:2015 [20], were exposed to a heat flux of 10 kw/m2

from a cone heater (cone heater is a part of Dual Cone Calorimeter; Fire Testing Technology, Ltd., East
Grinstead, UK). The sample volume used for each cone calorimeter test was 85 ± 5 mL. The combustion
efficiency was calculated from the data measured using the cone calorimeter by using the method
according to scientific papers of Ward et al. and Ferek et al. [22,23].

The cone calorimeter has been calibrated in accordance with ISO 5660-1:2015 [20].
The HRR describes amount of heat released in one second from one square meter of the sample.

Unit of the HRR is kW/m2. This unit could also be expressed as kJ/(s ×m2) because kW = kJ/s. The cone
calorimeter measure heat release rate for samples with 0.0088 m2 surface and then recalculate it to 1 m2

sample surface. The mHRR is defined as the maximum value (peak) of the heat release rate recorded
during the test. Another parameter is MARHE. This parameter can be defined as maximum average
rate of heat release rate. Units of the mHRR and MARHE are the same as unit of the HRR. The CO
yield per mass loss is defined as amount of CO (g) released per 1 kg mass loss of fuel (this parameter
express how many CO is released from 1 kg burned fuel). The unit of the CO yield per mass loss unit
is therefore g/kg. Similar parameter is the CO yield per released heat. This parameter express amount
of CO (g) released per 1 MJ heat released from burned fuel. The unit of the CO yield per released heat
is therefore g/MJ.

3. Results and Discussion

The dependence of the flash points of the alcohol–water solutions examined on the water content
is shown in Figure 1. Both methanol and ethanol exhibited an exponential flash point dependence on
water content. The flash point of the undiluted methanol was 13 ◦C and the undiluted ethanol had
a flash point of 14 ◦C. In contrast, the flash points of methanol and ethanol with a water content of
90% were 55 ◦C and 50 ◦C, respectively. The data shows that the flash points of the alcohols examined
exhibited noticeable increases with increasing water content. However, even a water content of 90%
cannot be considered as sufficient protection against ignition, and even with such a degree of dilution
with water, the examined fuels act as flammable liquids (as evidenced by the fact that their flash points
can be determined). Therefore, during their production, processing, and utilization, methanol and
ethanol are to be considered as flammable liquids irrespective of their degree of dilution with water.

The impact of the water content on the heat release rate is illustrated in Figure 2. It shows a
noticeable decrease in the heat release rate with increasing water content. During combustion, the
undiluted alcohols began to boil (under cone calorimeter test conditions). The boiling of undiluted
methanol began at approximately 150 s and undiluted ethanol at approximately 200 s (Figure 2).
The boiling in Figure 2 shows a rapid increase in the heat release rate to approximately 60 kW/m2 for
methanol or to 150 kW/m2 for ethanol. For alcohols with a water content of 20%, boiling was only
observed for a relatively short period of time (Figure 2). At a water content equal to or above 40%,
boiling was not observed. This was due to the lower flame temperature and the resultant decrease in
the reverse heat radiation from the flame to the surface of the alcohol–water solution and the higher
heat capacity and boiling point of water compared to the alcohols. The reason for the lower flame
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temperature was that in the combustion zone, apart from alcohol (fuel), water was also evaporated
from the alcohol–water solution. As a result, less alcohol was evaporated into the combustion zone
(the heat released from the combustion zone reduced), and the heat released from the combustion zone
was consumed to heat the combustion products and to heat the evaporated water.

The comparison of the heat release rate of the examined fuels with other scientific papers is rather
complicated, as this is the first scientific study to fully examine the impact of water content on heat
release rate and the impact of methanol and ethanol combustion on the environment. However, there
are scientific papers that have thoroughly examined the heat release rate of other flammable liquid
fuels (e.g., [21] examined the fire risk of automotive gasoline). The comparison of Figure 2 with the
results of the scientific paper of Martinka et al. [21] shows that methanol and ethanol had a lower
maximum heat release rate than automotive gasoline, but the course of the heat release rate was similar.
The comparison of the heat release rate for solid biorenewable sources (lignocellulosic fuels) published
in scientific papers of Janssens, Maciulaitis et al., Akaki et al., and Carosio et al. [24–27] demonstrates
that undiluted methanol and ethanol exhibit higher heat release rates and more even heat release than
lignocellulosic fuels. Conversely, methanol with a water content equal to or higher than 40% and
ethanol with a water content equal to or higher than 60% showed a lower heat release rate than solid
biorenewable fuels according to Janssens, Maciulaitis et al., Akaki et al., and Carosio et al. [24–27].

Figure 1. Dependency of the flash point of investigated fuels on the water content: (a) Dependency of
the flash point of methanol on the water content; (b) Dependency of the flash point of ethanol on the
water content.
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Figure 2. Dependency of the heat release rate of investigated fuels on the water content: (a) Dependency
of the heat release rate of methanol on the water content; (b) Dependency of the heat release rate of
ethanol on the water content.

The primary derived heat release rate parameters are the mHRR shown in Figure 3, the MARHE
shown in Figure 4, and the EHC shown in Figure 5. The mHRR is the maximum heat release rate (local
maximum) recorded during the test. The MARHE was calculated according to Equation (1),

MARHE = max

∑t
ti

HRR(t)+HRR(t−1)
2 ·Δt

t− ti
(1)

where MARHE is maximum average rate of heat emission (kW/m2), HRR(t) is heat release rate at
time t (kW/m2), HRR(t−1) is heat release rate at time t−1 (kW/m2), t is time for which average rate of
heat emission is calculated (s), ti is time to ignition (s) and Δt is time increment between successive
measured values between HRR (s) [28].

The EHC is the amount of heat released per unit mass loss fuel under the conditions of a cone
calorimeter test. The mHRR (Figure 3), MARHE (Figure 4), and EHC (Figure 5) linearly decreased
with increasing water content.

A comparison of the mHRR (Figure 3) and MARHE (Figure 4) with the data in [24–27,29–32] shows
that the undiluted methanol and ethanol both exhibit a higher mHRR and MARHE than most natural
polymers (fuels), but are at the same time lower than most synthetic polymers and flammable liquids.
This comparison further demonstrates that methanol with a water content of 40% and ethanol with a
water content of 60% both exhibit a lower mHRR and MARHE than most substances. For comparison
purposes, the combustion and fire characteristics of common alcohols and biorenewable fuels can be
found in [33–40].
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Figure 3. Dependency of the maximum heat release rate of investigated fuels on the water content:
(a) Dependency of the maximum heat release rate of methanol on the water content; (b) Dependency of
the maximum heat release rate of ethanol on the water content (mHRR: maximum heat release rate).

The EHC values (Figure 5) of undiluted methanol (23.9 MJ/kg) and ethanol (32.7 MJ/kg) were
approximately equal to the maximum theoretical gross calorific values of methanol (22.7 MJ/kg) and
ethanol (29.7 MJ/kg). Additionally, they were approximately 20% higher than the maximum theoretical
net calorific values of methanol (20.1 MJ/kg) and ethanol (27 MJ/kg) calculated from the standard
enthalpy of formation and the vaporization enthalpy of water published in the scientific paper by
Haynes [41]. The reason for the slight difference between the gross and net calorific values and
the EHC of methanol and ethanol was due to the use of different principles for their measurement.
The standard enthalpy of formation needed to calculate the gross and net calorific value is measured in
an oxygen calorimeter according to ISO 1716:2018 [42], which measures the heat released based on the
increase in water temperature in a calorimetric vessel. The cone calorimeter measures the EHC based
on the oxygen consumption (to which 13.1 ± 0.7 kJ of heat per 1 g of consumed oxygen is released
during the combustion of most organic substances [43]. In comparison, from the results in [44,45],
the net calorific value of most wooden fuels (wood is considered to be a reference material to biofuels
comparison) ranges from 17 to 18 MJ/kg. As shown in Figure 5, methanol shows similar EHC values
(17.25 MJ/kg) at a water content of 40%, and ethanol also shows similar values (20.4 MJ/kg) at a water
content of 60%. This comparison illustrates that from the point of view of EHC, methanol and ethanol
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show a comparable energy potential as wooden fuels at water contents of 40% for methanol and 60%
for ethanol.

Figure 4. Dependency of the maximum average rate of heat emission of investigated fuels on the water
content: (a) Dependency of the maximum average rate of heat emission of methanol on the water
content; (b) Dependency of the maximum average rate of heat emission of ethanol on the water content
(MARHE: maximum average rate of heat emission).

Fuel and water were not evaporated from the solution into the combustion zone in the proportions
corresponding to their ratio in the solution. This was due to the different boiling temperatures and
vaporization enthalpies of alcohols and water. The fuel–water ratio in the combustion zone can be
estimated by using the fact that no heat is released from the water evaporated from the solution into
the combustion zone. Therefore, the ratio of the EHC for a solution with certain water content to
the EHC of pure (undiluted) fuel approximately corresponds to the average fuel–water ratio in the
combustion zone. The average fuel–water ratios in the combustion zone for solutions with the water
contents examined are shown in Figure 6. Figure 6 shows that the average methanol-to-water ratio,
as well as the ethanol-to-water ratio in the combustion zone, decreased almost linearly with increasing
water content of the solution. At a water content of 80%, the average methanol-to-water ratio in the
combustion zone was approximately 0.50, and the average ethanol-to-water ratio was approximately
0.51 (Figure 6).
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Figure 5. Dependency of the effective heat of combustion of investigated fuels on the water content: (a)
Dependency of the effective heat of combustion of methanol on the water content; (b) Dependency of
the effective heat of combustion of ethanol on the water content (EHC: effective heat of combustion).

In addition to the fuel–water ratio (evaporated from the solution) in the combustion zone,
another important combustion characteristic is the minimum fuel content in the solution, which is still
combustible under the given conditions (critical alcohol content for spontaneous flame extinction).
The conditions are represented by the ambient temperature or heat flux exposed to the surface of the
combustible liquid. Determination of the critical fuel ratio of the solution (for spontaneous flame
extinction) is based on the fact that the EHC of alcohol linearly decreases as water content increases
(Figure 5). Thus, if the original mass or volume of the solution and the mass or volume loss of the
solution during the spontaneous flame extinction (Table 1) are known, the mass of fuel evaporated
from solution can be calculated according to Equation (2) and the mass of water evaporated from the
solution can be calculated according to Equation (3),

FE =MLS × (EHC/EPF) (2)

MEW = (MLS/100) × (1 − EHC/EPF) (3)

where FE is the mass of fuel evaporated (g), MLS is the mass loss of the solution of fuel and water (g),
EHC is the effective heat of combustion of a solution of fuel and water (kJ/kg), EPF is the effective heat
of combustion of pure fuel (kJ/kg), and MEW is the mass of evaporated water (g).
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Figure 6. Dependency of the mass ratio of investigated fuels to water (evaporated from solution) in
the combustion zone on the water content: (a) Dependency of the mass ratio of methanol to water
(evaporated from solution) in the combustion zone on the water content; (b) Dependency of the mass
ratio of ethanol to water (evaporated from solution) in the combustion zone on the water content.

Table 1. Mass loss of fuel solutions from ignition to the spontaneous flame extinction.

Water Content in Solution (%) 60 80

Mass loss of methanol solution (g) 35.5 8.1
Mass loss of ethanol solution (g) 35.4 14.8

Mass of burned methanol (g) 20.9 4.1
Mass of burned ethanol (g) 21.9 7.5

Mass of water evaporated from methanol solution (g) 14.6 4
Mass of water evaporated from ethanol solution (g) 13.5 7.3

The mass of fuel in the solution during spontaneous flame extinction is then calculated as the
difference between the fuel in solution before the start of the test and the mass loss of fuel. The critical
fuel concentration in the solution is calculated from the mass or volume of fuel in the solution and the
volume or mass of the solution (in the case of spontaneous flame extinction). The critical concentrations
(mass ratios of fuel to water) for the fuels examined in a water solution, for which spontaneous flame
extinction occurs, are illustrated in Table 2. The critical fuel content for a solution with an alcohol
content of more than 40% was not determined due the fact that, during the combustion of the 60% and
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80% alcohol solutions, only a negligible residue remained (water evaporated into the combustion zone
together with the alcohol). The data in Table 2 shows that the critical methanol content (in solution with
water) for spontaneous flame extinction is about 15.6 to 17.3%, and the critical ethanol content is about
11 to 14.2%. This conclusion, however, only applies for these experimental conditions. For practical
applications, it is necessary to refer to Figure 1, according to which it is possible to determine the flash
point of methanol and ethanol even at a water content of 90%. The reason for the difference between
the critical water content for spontaneous flame extinction determined using a cone calorimeter
according to ISO 5660-1:2015 [20] and the flash point determined using the method according to ISO
2719:2016 [19]) is the different procedures used for the determination of these parameters.

Table 2. Critical fuels contents (ratio of alcohol mass to water mass) in solution for the spontaneous
flame extinction.

Water Content in Solution (%) 60 80

Critical methanol content in solution (%) 17.3 15.6
Critical ethanol content in solution (%) 14.2 11

The dependency of the CO yields on the water content in methanol and ethanol is illustrated
by Figure 7 (the CO yields per mass loss unit) and Figure 8 (the CO yields per released heat unit).
Figure 7 shows that the water content in methanol (in the interval from 0 to 60%) have virtually no
effect on the CO yield (per mass loss unit), while the CO yield (per mass loss unit) of ethanol with
increasing water content (in the interval of 0 to 60%) decreases. The decrease in the CO yield from
ethanol can be explained by the fact that, besides ethanol, water also contributes to the mass loss from
the sample solution (input data for the CO yield calculation), and no CO is released in the combustion
zone from the water evaporated from the solution. However, this effect did not appear in the decrease
of the CO yield (per mass loss unit) from methanol. This is probably due to the lower boiling point
of methanol 64.7 ◦C, according to [41], compared to ethanol 78.4 ◦C, according to [41], and the faster
evaporation of methanol from the water solution. As a result of this faster evaporation, methanol
burns in the combustion zone at a higher mass ratio of alcohol to water than ethanol (this conclusion is
also confirmed by Figure 6). The result is the independence of the CO yield (per unit of sample mass
loss) from methanol to the water content (in the interval 0 to 60%). For both methanol and ethanol
with a water content of 80%, a sharp rise in the CO yield (per mass loss) was observed (Figure 7).

The CO yield (per released heat) increases exponentially with increasing water content for
both methanol and ethanol (Figure 8). This trend clearly demonstrates the decreased efficiency of
combustion of the examined fuels and hence an increasing impact of combustion on the environment
with increasing water content. Both fuels showed a maximum CO yield (per both mass loss and
released heat) at a water content of 80% (Figures 7 and 8). At the stated water content of the solution,
the ratio of fuel to water (evaporated from solution) in the combustion zone is relatively low (Figure 6).
A high water level in the combustion zone is manifested through a decrease in flame temperature,
through the disruption of the proportion ratio (fuel—oxidant in the combustion zone), which ultimately
leads to a reduction in combustion efficiency and a high increase in the CO yields (Figures 7 and 8).

70



Energies 2019, 12, 3491

Figure 7. Dependency of the carbon monoxide (CO) yields (per mass loss) of investigated fuels on the
water content: (a) Dependency of the CO yields (per mass loss) of methanol on the water content; (b)
Dependency of the CO yields (per mass loss) of ethanol on the water content.

The comparison of the CO yields (per mass loss and released heat) of the examined fuels (Figures 7
and 8) with the CO yields from natural and synthetic polymers (fuels) published in scientific papers by
Karlsson and Quintiere [17], DiNenno, and Ozgen et al. [46,47] shows that both methanol and ethanol
exhibit a substantially lower CO yield than most natural and synthetic polymers and fuels. Moreover,
scientific study by Gardiner [48] demonstrates that the intermediates of burning organic compounds
consisting of carbon, hydrogen, and oxygen are oxidized to CO substantially more readily than CO to
carbon dioxide (CO2). Additionally, methanol and ethanol generally only produce a negligible amount
of soot. CO is therefore a reliable indicator of the combustion efficiency of methanol and ethanol and
the impact of their combustion on the environment. At water contents of 0 to 60%, the impact of the
combustion of methanol and ethanol on the environment is negligible due to low CO yields (Figures 7
and 8). At a water content of 80%, the impact of the combustion of methanol and ethanol on the
environment, given the higher CO yields (Figures 7 and 8), is more pronounced, but still relatively low
in comparison to other substances. Likewise, the contribution of methanol and ethanol fires to the
toxicity of combustion products is low due to the low CO yields (Figures 7 and 8) in comparison to
other substances.
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In addition to CO yields, combustion efficiency is also a reliable combustion characteristic (with
the decreasing effectiveness of combustion, the amount of toxic combustion products increases, and
more of the substance must burn to obtain the same amount of heat). The impact of water on the
combustion efficiency of methanol and ethanol is shown in Figure 9. The combustion efficiency data
(Figure 9) roughly corresponds to the inverse data in Figures 7 and 8 and thus confirms the maximum
impact of combustion on the environment at a water content of methanol and ethanol of 80%.

Figure 8. Dependency of the CO yields (per released heat) of investigated fuels on the water content:
(a) Dependency of the CO yields (per released heat) of methanol on the water content; (b) Dependency
of the CO yields (per released heat) of ethanol on the water content.
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Figure 9. Dependency of the combustion efficiency of investigated fuels on the water content:
(a) Dependency of the combustion efficiency of methanol on the water content; (b) Dependency of the
combustion efficiency of ethanol on the water content.

4. Conclusions

This study attempts to quantify the impact of the water content of methanol and ethanol fuels
on their energy potential, combustion characteristics, and fire risk. The results of the study may be
summarized in the following conclusions.

1. With increasing water content, the flash point of both methanol and ethanol considerably increased.
Both methanol and ethanol show an exponential dependence of flash point on water content.
Despite the noticeable increase in the flash point (in an undiluted state, methanol and ethanol
have flash points of 13 and 14 ◦C, while for a water content of 90%, the flash point rises to 55 and
50 ◦C, respectively), the examined alcohols behave as flammable liquids even at a water content
of 90%.

2. The EHC, mHRR, and MARHE of methanol and ethanol decrease linearly with increasing
water content.

3. The water content of methanol (in the range 0 to 60%) has no practical effect on the CO yield (per
mass loss), while the CO yield (per mass loss) of ethanol with decreasing water content (in the
range 0 to 60%) slightly decreases. The CO yield (per released heat) of both methanol and ethanol
increases with increasing water content. The maximum CO yield (per both mass loss and released
heat) of both methanol and ethanol was found to be at a water content of 80%. As the combustion
of methanol and ethanol only produces a negligible amount soot, and from a toxicological point
of view, CO is the most important combustion product, the impact of the combustion of methanol
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and ethanol on the environment is determined only the CO yield (mainly per released heat).
Minimizing the impact of methanol and ethanol combustion on the environment can thus be
achieved by minimizing the water content.

4. The ratio of methanol to water (evaporated from the solution into the combustion zone) and the
ratio of ethanol to water (evaporated from the solution into the combustion zone) both decrease
linearly with increasing water content of the solution.

5. A methanol solution with water exposed to a heat flux of 10 kw/m2 stops burning when the
methanol content decreases to 15.6–17.3%. A solution of ethanol with water exposed to the same
heat flux stops burning when the ethanol content decreases to approximately 11–14.2 %.

Based on these conclusions, it is possible to state that increase of the water content of the examined
fuels has a significant effect on the effective heat of combustion decrease and a moderate effect on
combustion efficiency decrease. Based on these conclusions, it is also possible to state that the water
content of the examined alcohols has an adverse effect on the environmental impact and fire risk.
While most components of fire risk (flash point and released heat) decrease with increasing water
content, the environmental impact of combustion (CO yield to released heat) increases as the water
content increases.
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Abbreviations

EPF Effective heat of combustion of pure fuel (kJ/kg)
EHC Effective heat of combustion (MJ/kg)
ETBE Ethyl tert-butyl ether (-)
FE Mass of fuel evaporated (g)
HRR Heat release rate (kW/m2)
IUPAC International Union of Pure and Applied Chemistry (-)
MARHE Maximum average rate of heat emission (kW/m2)
MEW Mass of evaporated water (g)
mHRR Maximum heat release rate (kW/m2)
MLS Mass loss of the solution of fuel and water (g)
MTBE Methyl tert-butyl ether (-)
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Abstract: The recent Euro 4 and 5 environmental steps for L-category vehicles (e.g., mopeds,
motorcycles) were mainly designed to reduce the emissions of particulate matter and ozone precursors,
such as nitrogen oxides and hydrocarbons. However, the corresponding engine, combustion, and
aftertreatment improvements will not necessarily reduce the solid particle number (SPN) emissions,
suggesting that a SPN regulation may be necessary in the future. At the same time, there are concerns
whether the current SPN regulations of passenger cars can be transferred to L-category vehicles.
In this study we quantified the errors and uncertainties in emission measurements, focusing on SPN.
We summarized the sources of uncertainty related to emission measurements and experimentally
quantified the contribution of each uncertainty component to the final results. For this reason, gas
analyzers and SPN instruments with lower cut-off sizes of 4 nm, 10 nm, and 23 nm were sampling
both from the tailpipe, and from the dilution tunnel having the transfer tube in closed or open
configuration (i.e., open at the tailpipe side). The results showed that extracting from the tailpipe
23–28% of the mean total exhaust flow (bleed off) resulted in a 24–31% (for CO2) and 19–73% (for
SPN) underestimation of the emissions measured at the dilution tunnel. Erroneous determination
of the exhaust flow rate, especially at cold start, resulted in 2% (for CO2) and 69–149% (for SPN)
underestimation of the tailpipe emissions. Additionally, for SPN, particle losses in the transfer
tube with the closed configuration decreased the SPN concentrations around 30%, mainly due to
agglomeration at cold start. The main conclusion of this study is that the open configuration (or
mixing tee) without any instruments measuring from the tailpipe is associated with better accuracy
for mopeds, especially related to SPN measurements. In addition, we demonstrated that for this
moped the particle emissions below 23 nm, the lower size currently prescribed in the passenger cars
regulation, were as high as those above 23 nm; thus, a lower cut-off size is more appropriate.

Keywords: particle number; L-category; vehicle regulations; CO2 emission; tailpipe measurements;
dilution tunnel; accuracy; measurement uncertainty; motorcycles

1. Introduction

Air pollution continues to have significant impacts on the economy and the health of the European
population, particularly in urban areas. Europe’s most serious pollutants in terms of adverse health
effects are particulate matter (PM), nitrogen dioxide (NO2), and ground-level ozone (O3) [1]. PM is
damaging to ecosystems and cultural sites, responsible for reduced visibility, and an important global
risk factor for human health. Automotive exhaust PM, due to its important contribution to urban PM,
has been subject to progressively more stringent regulations [2].
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PM mass emissions are determined gravimetrically by collecting diluted exhaust gas on a filter.
In addition to the PM method, the non-volatile (solid) particle number (SPN) emissions are measured
by a specified method [3] in the European Union (EU). The SPN sampling is conducted via Constant
Volume Sampling (CVS) of the whole exhaust in a dilution tunnel where the exhaust is diluted. The
laboratory particle number systems consist of three parts: First, the exhaust gases pass through
a hot diluter (≥150 ◦C), followed by an evaporation tube (350 ◦C), and lastly by a condensation
particle counter (CPC) with 50% counting efficiency at a particle diameter of 23 nm. The methodology
and specifications follow the recommendations of the Particle Measurement Program (PMP) [4].
The accuracy of the methodology was estimated to be around 15%. Inter-laboratory correlation
exercises, which include the uncertainty of the source (i.e., the car or engine) found a reproducibility of
approximately 35% [4,5].

Since 2011, SPN emissions are regulated in the EU for compression ignition (diesel) light-duty
vehicles; the limit value is 6 × 1011 particles per km (p/km from now on). Since 2013, on-road
compression ignition (diesel) heavy duty-engines are included in the regulations, and since 2014,
positive ignition heavy duty-engines with limits of 6 × 1011 p/kWh. A limit of 6 × 1011 p/km was
applied to gasoline direct injection vehicles in 2014 [6]. However, for up to three years a particle number
emission limit of 6 × 1012 p/km could be applied upon request of the manufacturer. Some non-road
engines (power range 19–560 kW), inland waterway vessels (>300 kW), and rail traction engines are
regulated for SPN since 2017 with a limit of 1 × 1012 p/kWh. Since 2017, emission testing of light-duty
vehicles includes on-road real driving emissions (RDE). Recently, the European Commission decided
to extend the lowest detection size of the SPN methodology to 10 nm, to cover cases that have a
high fraction of particles in the 10 nm to 23 nm size range (e.g., some vehicles with spark ignition
engines) [2].

The only vehicle class so far not covered by SPN limits is the L-category (two- or three-wheel
vehicles and quadri-cycles, such as quads and minicars). Nevertheless, moped and motorcycles
account about 10% of the passengers mobility fleet [7,8] and contribute significantly to air pollution [9].
Recent EU regulations aim to reduce the share of total road-transport emissions from L-category
vehicles as compared to other road vehicle categories with a focus on PM and ozone precursors, such
as nitrogen oxides and hydrocarbons. Among other provisions a new test cycle was introduced,
the gaseous compounds emission limits were tightened, and a PM mass limit was introduced.
In addition, feasibility and cost-effectiveness studies on durability, on-board diagnostics (OBD),
in-service conformity, off-cycle emissions, and particle number emissions were required (Regulation
(EU) 168/2013). A first investigation on the feasibility and necessity of introducing a SPN limit for
L-category vehicles was conducted in 2015 [10]. That research showed that L-category vehicles can
have high SPN emissions with a high percentage of them not counted by the current lower limit of 23
nm. However, it was argued that decreasing the lower detectable size could result in volatile artefacts
(namely, the formation of volatile particles in the measurement system via nucleation of semi-volatile
species—these re-nucleated particles form downstream of the evaporation tube and may be measured by
the particle-measuring instrument) and more research was therefore considered necessary. An ad-hoc
environmental study concluded that introducing specific SPN limits for L-category vehicles would
first require better understanding of the emissions performance of such vehicles, as new emission
control technologies at Euro 5 step would become available (from 2020 on) [11]. A detailed analysis
of the data concluded that L-category vehicles are a significant contributor to vehicular particulate
emissions, and their relative contribution will increase if no measures will be taken [12]. Consequently,
a specific particle number limit should be considered for L-category vehicles. A recent study with
the latest technology mopeds and motorcycles (all fulfilling the Euro 4 emission standards) reported
that, although the PM mass emissions were <1.5 mg/km for all vehicles tested, two motorcycles and
the moped were close to the SPN limit for passenger cars and four motorcycles exceeded the limit
by a factor of up to four [13]. Even though the repeatability was good (about 10% deviation from the
mean), steady state tests with the moped showed big differences between the tailpipe and the dilution
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tunnel sampling points for sub-23 nm particles. Detailed studies showed that the differences originated
mainly from the growth of pre-existing particles with sizes even below 4 nm to the measuring size
range of the instruments; however, particles grew due to condensation of desorbed material from the
walls of the transfer tube [14,15].

The previous studies suggest that the current legislative SPN methodology cannot be directly
extended to L-category vehicles. On the one hand, the mean particle size is close to or lower than
the lower size of the current methodology (23 nm) [10], on the other hand sub-23 nm artefacts are
more probable with this category of vehicles than with light-duty or heavy-duty category vehicles [16].
Some of the existing facilities are used for both motorcycles and light-duty vehicles and consequently
might not be optimized for mopeds. The low exhaust flow rate may lead to high residence times in
the transfer lines and consequently high particle losses. Extraction of a sample from the tailpipe for
analysis (e.g., real time gas analyzers) (sometimes the term bleed off is used) at the moment is not
taken into account in any automation system for SPN emissions (neither in the light-duty regulation).
Although this effect might not be important for light-duty vehicles, for mopeds it may result in a
significant error. The recently introduced RDE regulations require measurements from the tailpipe.
The equivalency of the tailpipe and dilution tunnel locations has been investigated for heavy-duty
engines [17] and for light duty vehicles [18], but not for L-category vehicles. The few studies that
did some preliminary investigations found big differences both in size distributions and number
concentrations [19]. However, there are no studies that have quantified these differences. Thus,
there is a need to summarize the open issues for L-category vehicles, especially for particle number
measurements, and quantify the measurement uncertainties.

In the International vocabulary of metrology (VIM) [20], Type A evaluation of uncertainty is
defined as the method of evaluation of uncertainty by the statistical analysis of series of observations.
Repetitions of a test and statistical analysis are classified as Type A uncertainty. Type B evaluation of
uncertainty is defined as the method of evaluation of uncertainty by means other than the statistical
analysis of series of observations, for instance, calibration reports and guides. This approach was
recently followed to estimate the uncertainty of PEMS (portable emissions measurement systems) [21].
In this study we followed a Type B analysis where we tried to collect all parameters that can contribute
or influence the final result and quantified them based on theoretical or experimental data. We started
from the equations that are used to calculate emissions both at the tailpipe and the dilution tunnel
and then discussed possible errors and inaccuracies for each parameter. Even though we did two
to three repetitions of each test condition, and thus Type A uncertainty was available, we did not
cover the calculation of the combined standard uncertainty and expanded uncertainty, as foreseen
in the Guide to the Expression of Uncertainty in Measurement (GUM) [22]. The objective was to
identify and quantify the sources of uncertainty/errors that repetitions cannot identify (e.g., tests can
be repeatable but erroneous). The focus was on SPN emissions. Gas analyzers and SPN instruments
with various cut-off sizes were used to cover current and future regulations. A moped in a facility for
motorcycles and passenger cars was chosen as the worst case scenario due to its small weight and
engine capacity and the necessity for long transfer lines. Finally, recommendations for appropriate
setups and procedures were given.

2. Materials and Methods

2.1. Experimental Setup

The experimental measurements were performed at the Vehicle Emissions Laboratory (VELA 1)
of the European Commission’s Joint Research Centre. The facility is an emission test cell for L-category
vehicles (such as mopeds and motorcycles) and light-duty vehicles (such as small passenger cars).
Herein, we consider emission-test measurements performed with a Euro 4 moped with a 50 cm3

4-stroke engine with a three-way catalyst (>1000 km at the odometer). As shown in Figure 1, which
presents schematically the experimental setup, the tailpipe of the moped was connected to a 6 m
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stainless steel transfer tube. The first section of the transfer tube, the first 4 m, was flexible and heated
(heater set to 80 ◦C), while the second section, the last 2 m, was fixed, insulated, and kept in a climatic
room at 20–24 ◦C. The moped and the first 4 m of the transfer line were inside a different climatic
chamber kept at 21–25 ◦C. The whole exhaust gas was diluted in the dilution tunnel with constant
volume sampling (CVS) set to 3.5 m3/min. With this flow rate, the under-pressure at the tailpipe of the
moped is small, and similarly its influence on emissions [23]. The dilution tunnel and the CVS were in
the climatic room kept at 20–24 ◦C.

Figure 1. Experimental setup. Gases and SPN were sampled with separate probes at the tailpipe or the
dilution tunnel. CPC = Condensation Particle Counter; ET = Evaporation Tube; HC = Hydrocarbons;
PND = Particle Number Diluter; SPN = Solid Particle Number.

For gaseous pollutants, two identical AMA i60 (AVL, Graz, Austria) benches were used to measure
dry CO and CO2 with non-dispersive infrared detectors, NOx with chemiluminescence detectors, and
total hydrocarbons (HC) with flame ionization detectors. One system was connected to the tailpipe
and the other to the full dilution tunnel with CVS.

The particle measurement systems we used in this study were AVL particle counters (APC 489,
Graz, Austria) [24], which consisted of the following parts: A hot diluter at 150 ◦C, an evaporation tube
at 350 ◦C, a cold diluter with filtered ambient air at 20 ◦C, and three Condensation Particle Counters
(CPCs). As shown in Figure 1, the CPCs had different 50% counting efficiencies: At 23 nm (model 3790
from TSI, USA), at 10 nm (model 3772 from TSI, USA), and at 4 nm (model 3752 from TSI, USA) [25,26].
Two such SPN measurement systems were used. They were identical and freshly calibrated. One (SPN
#1) measured always at the tailpipe and the other (SPN #2) at the dilution tunnel (CVS). The SPN #1
was connected to the tailpipe with a stainless steel 0.5 m heated tube at 120 ◦C.

The transfer tube that conducts the exhaust flow from the moped tailpipe to the dilution tunnel
was usually connected to the moped. For some tests, however, the connection was left open on the
side normally connected to the moped (Figure 1, left inset). The tailpipe instruments were sampling at
the moped tailpipe, before the opening. The CVS under-pressure sucked ambient air also from the
opening in addition to that from the external line for main dilution. The dilution factor of this first
dilution is not known; based on some steady state tests it is expected to be around 2:1 at the maximum
speed and higher at lower speeds [14,19]. This configuration (open transfer tube) is allowed in the
EU motorcycles/mopeds regulation, and it has been used previously [23]. We note, however, that the
closed configuration is more common [7,27–32].

The test cycle was the Worldwide harmonized Motorcycle Test Cycle (WMTC) class 1 consisting
of a cold engine start phase followed by the same phase in hot engine conditions for a total of 7.6 km
and 45 km/h maximum speed [33].
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2.2. Theoretical Background

L-category regulation provides the equations for gaseous pollutants measured from the dilution
tunnel with bags. In our case, we used the integrated signal from the analyzers in order to compare
real time signals as well. Equations from the tailpipe can be found in passenger cars regulations
at the RDE (Real-Driving Emissions) regulation or at the heavy-duty engines regulation and were
summarized elsewhere for gaseous pollutants [34]. Here, the equations for SPN will be given for both
the tailpipe and the dilution tunnel, because there is lack of information and it is the most complex
case (see also [18]). In addition, we will expand them to take into account the extracted flow from
the tailpipe (bleed off). Other topics that can influence the results and have been mentioned in the
literature will also be shortly presented.

2.2.1. Solid Particle Number (SPN) Emissions

The tailpipe instantaneous particle number flow rate SPNTP,i [p/s] can be determined by multiplying
the instantaneous particle number concentration CTP,i [p/m3] (normalized to 0 ◦C and 101.3 kPa) by the
instantaneous exhaust mass flow rate Qexh,i [kg/s] (aligned to each other), and by dividing with the
density of the exhaust gas ρexh [kg/m3] at 0 ◦C. A density of 1.2931 kg/m3 was used for gasoline (E10)
(Regulation (EU) 2017/1154). The total tailpipe emissions SPNTP [p/km] were calculated by integrating
the SPNTP,i rate over the test cycle and dividing by the distance covered D [km] (7.6 km in our tests).

SPNTP,i = CTP,i Qexh,i/ρexh (1)

SPNTP = Σ SPNTP,i/D (2)

When a flow is extracted from the exhaust gas, the equation is still valid if the Qexh includes this
extracted flow rate.

The CVS instantaneous particle number flow rate SPNCVS,i [p/s] was calculated as above using
the CVS flow rate QCVS [kg/s] and the density of air ρair [kg/m3] at 0 ◦C. The total tailpipe emissions
SPNCVS [p/km] were calculated by integrating the SPNCVS,i rate over the test cycle and dividing by the
distance covered D [km].

SPNCVS,i = CCVS,i QCVS,i/ρair (3)

SPNCVS = Σ SPNCVS,i/D (4)

When a flow is extracted from the dilution tunnel, the equation is still valid if the QCVS includes
this extracted flow rate; however, the correction is usually negligible.

The final SPNCVS result is equivalent to the one in the passenger cars and trucks regulations.
The time alignment is less critical in this case:

SPNCVS = CCVS,ave VCVS/D (5)

where VCVS [l] is the volume of the diluted exhaust gas (normalized to 0 ◦C and 101.3 kPa) and
CCVS,ave [p/m3] is the mean concentration during the cycle duration (normalized to 0 ◦C and 101.3 kPa)
(Regulation (EU) 2017/1151).

The particles extracted from the tailpipe SPNextr,i were calculated using the instantaneous particle
number concentration CTP,i [p/m3] (normalized to 0 ◦C and 101.3 kPa) and the instantaneous flow rate
of the instruments sampling from the tailpipe Qinstr,i [kg/s]. In our case, the total extracted flow rate
was constant and equal to 19–23 l/min due to the SPN instrument(s) and the gas analyzers. The total
particle emissions extracted from the tailpipe SPNextr [p/km] were calculated by integrating the SPNextr,i
rate over the test cycle and dividing by the distance covered D [km].
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SPNextr,i = CTP,i Qinstr,i/ρexh (6)

SPNextr = Σ SPNextr,i/D (7)

The corrected CVS results SPNCVS,corr,i were calculated by adding the SPN emissions of the dilution
tunnel SPNCVS,i and the SPN extracted from the tailpipe SPNextr,i.

SPNCVS,corr,i = SPNCVS,i + SPNextr,i (8)

For completeness, another way to calculate the SPN emissions due to the extracted flow from
the tailpipe, when no tailpipe SPN measurements are available, is to recalculate every second of the
concentrations at the dilution tunnel by using the “true” dilution ratio at the CVS as if no flow had
been extracted. The reason is that the extraction of a flow from the tailpipe results in higher dilution in
the dilution tunnel, which is not considered in the calculations. This is equivalent to increasing the
exhaust flow that would enter the dilution tunnel by the flow extracted by the instruments connected
to the tailpipe. As an example, using the difference between CVS total (QCVS) and dilution air flow
(Qair) rates as a proxy of the exhaust flow, the final SPN concentration would be:

SPNCVS,corr,i = SPNCVS,i/(QCVS - Qair,i) × (QCVS - Qair,i + Qinstr,i) (9)

Details about other methods determining the exhaust flow rate or the dilution factor are given in
the next paragraph.

For the open transfer tube case, the same tailpipe equations can be used as long as the tailpipe SPN
measurements are taken before the dilution at the tailpipe and the exhaust flow rate is estimated correctly.

The results of the SPN emissions at the tailpipe need correct time alignment between the SPN
signal and the exhaust flow rate. Misalignment of a few seconds can have a significant effect [35].
Here, the effect of misalignment was checked by moving the SPN signal for ±1 second. Long sampling
lines might result in signal deformation due to mixing and diffusion and need advanced mathematical
models to “reconstruct” the original signal [36–38]. The tailpipe measurements due to the short
sampling lines should not have this issue. It should be mentioned though that the deformation of the
signal from the engine to the tailpipe is not of importance in this paper, because only tailpipe with
dilution tunnel results are compared [39].

2.2.2. Exhaust Flow Rate

The exhaust flow rate Qexh can be determined with various methods. The direct measurements
with exhaust flow meters are sensitive to the exhaust gas fluid conditions, such as the temperature,
flow rate, composition, and pressure [40]. In small one- or two-cylinder gasoline engines, there is also a
problem with pulsating flows especially during idling, which can even include reverse flow direction.
For this reason, today, there are no exhaust flow meters for mopeds and small motorcycles and indirect
methods are used. In the case of non-road, small utility purpose engines, for example, the sum of
intake air mass and fuel mass flow is used as the exhaust mass flow [41]. Alternatively, one of these
two flows can be calculated from the other with the measurement of the air/fuel ratio obtained with a
lambda sensor.

Here, we used three methods applicable in the laboratory: The instantaneous difference between
total CVS flow QCVS (corrected for any flows extracted from the dilution tunnel) and dilution air flow
(Qair) (Equation (10)), the CVS flow and the instantaneous dilution factor (DF) calculated by the CO2

tracer method (Equation (11)), or the carbon balance method (CB) (Equation (12)).

Qexh,air,i = QCVS - Qair,i, (10)
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Qexh,CO2,i = QCVS/DFCO2,i, (11)

Qexh,CB,i = QCVS/DFCB,i, (12)

DFCO2,i = CCO2,TP,i/CCO2,CVS,i, (13)

DFCB,i = 13.4/(CCO2,CVS,i + CCO,CVS,i + CHC,CVS,i) (14)

where C is the concentration [%] of the pollutant in the dilution tunnel (CVS) or tailpipe (TP) for each
second i. The concentrations should refer to the wet exhaust (i.e., the dry-to-wet correction should be
applied [42]) and should also be corrected for the dilution air background. The dry-to-wet correction is
important for the tailpipe concentrations, while the dilution air background correction is important
for the dilution tunnel concentrations. The 13.4 is the theoretical CO2 concentration for a gasoline
engine, around 13.4%, which is obtained with the average composition of gasoline fuel (C8H15) [40].
Note also that the CO2 tracer method needs a CO2 analyzer sampling from the tailpipe beyond that at
the dilution tunnel, and this extracted flow has to be considered in the calculations. The extracted flow
rate has to be added to the equations above to find the actual exhaust flow rate.

Qexh,i = Qexh,method,i + Qinstr,i (15)

2.2.3. Cold Start

During cold start condensation can take place and this has an effect up to 10% on the results of
instruments measuring on dry basis (e.g., CO2 or CO) [42]. According to our knowledge there are no
SPN instruments measuring in dry basis. Therefore, the correction is not needed.

2.2.4. Particle Dynamics

The main aerosol processes from the tailpipe to the full dilution tunnel are agglomeration, diffusion,
and thermophoresis [18,43,44].

Agglomeration arises from particle to particle collisions where the colliding particles are attached
together, but retain their identity and shape. Agglomeration changes the number concentration and
size of particles, but not the total particle mass concentration. The extent of agglomeration depends on
the initial particle concentration and, to a smaller degree, on particle size and surrounding temperature.

Diffusion is the net movement of particles (or gas molecules) from high to low concentration.
Smaller particles diffuse faster than larger particles. Therefore, diffusion is most important for particles
smaller than about 50 nm in diameter. Particle concentration decreases in the exhaust transfer lines
due to diffusional deposition of particles on the surfaces.

Thermophoresis is the motion of a particle in a temperature gradient. Due to the higher rate of
collisions of gas molecules on the hotter side the particle, thermophoresis results in particle movement
towards the colder side (i.e., particles in high temperature exhaust gas to the colder walls).

Other transport losses (e.g., gravitational deposition, inertial impaction, electrophoretic) and
sampling losses (due to anisoaxial and anisokinetic extraction of sample) were considered negligible
as they affect larger particles than those emitted of the moped of this study (<1 μm) [44]. A detailed
presentation of the topics is out of the scope of this paper. Details can be found in the literature [18,43,44].

This study focused on measurements of solid particles carried out following the current EU
legislation (Regulation (EU) 2017/1151) and on the related uncertainty. The measurements of total
particles (including volatiles) are not included in the legislation, both in the laboratory and on the
road (Regulation (EU) 2017/1154). They depend on many parameters, such as the dilution ratio and
the dilution air temperature, which can result in orders of magnitude difference between different
settings [45]. This topic has been discussed in the literature [46] and was beyond the scope of this study.
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2.2.5. Artefacts

When comparing solid particle number concentrations, it has to be ensured that no artefacts
take place. The volatile artefact is the formation, downstream of the evaporation tube, of volatile
particles via re-nucleation of semi-volatile species in the measurement system [16,47]. These particles
are volatiles but are counted as solids. The appearance of solid particles in the transfer line due to
formation or growth in the transfer tube is defined as a nonvolatile artefact [14,15]. Artefacts at sub-23
nm particle measurements of mopeds and motorcycles have been reported in the literature [13,15].
The topic will not be further discussed; it should be noted though that due to the low exhaust gas
temperatures and the high employed dilution in the SPN systems, we do not expect any artefacts in
our results.

3. Results

3.1. Exhaust Flow

Figure 2 plots the exhaust flow rate of the motorcycle as estimated by the three methods (Equations
(10)–(12)). There is a very good agreement between the different methods. Even though not shown
here, the carbon balance method without the CO2 dilution air correction would slightly overestimate
the exhaust flow rate. The CO2 tracer method was considered the basis for further evaluations.

Figure 2. Exhaust flow rate as determined by three methods for the first 600 s of the Worldwide
harmonized Motorcycle Test Cycle (WMTC) (closed transfer tube) (Equations (10)–(12)). The extracted
flow (0.019 m3/min) should also be added.

At a next step, the calculated exhaust flow rate with the CO2 tracer method was plotted for
the two configurations with closed and open transfer tube (Figure 3) during the first 250 s of a cold
start WMTC. After the first minute, there is a generally good agreement within the experimental
uncertainty. However, there is a significant difference at the beginning of the cycle: The exhaust flow
rate with the transfer tube closed starts much later. The reason is that there is a big “dead” volume in
the transfer tube that delays the CO2 signal at the dilution tunnel. The gas transport delays, mixing
and dispersion phenomena, are responsible for smoothing and distortion of the original emission
signal [36,38,39]. Furthermore, even though the transfer tube is heated, there may still be colder spots
where condensation can take place. This condensation will be different with the open and closed
configurations, resulting in different actual CO2 concentrations. However, the dry-to-wet corrections
of the CO2 signal do not take this into account [42]. We cannot exclude completely the possibility
that the moped behaved differently with open and closed configurations. However, the CO2 tailpipe
signals (and the results later) did not show any difference. This figure clearly shows the importance of
having short transfer lines. In the following results, the first 50 s of the calculated exhaust flow rate
were corrected using the exhaust flow rate of the open configuration; the effect of this correction will
also be shown.
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Figure 3. Comparison of the exhaust flow estimated with the CO2 tracer method during cold start in
open/closed configuration. The speed profile is from the open configuration test. The extracted flow
(0.019 m3/min) should also be added.

3.2. CO2 and Gaseous Pollutants

Figure 4 plots the CO2 emissions over the WMTC as determined at the tailpipe and the dilution
tunnel with integration of the gas analyzers signals with the transfer tube open and closed. The
agreement is very good within the experimental uncertainty. For the tailpipe measurements, the
improvement of the exhaust flow determination at the first minute of cold start (as discussed in
Figure 3) increased the CO2 emissions by 2.3%. However, single factor analysis of variance (ANOVA)
showed that the CO2 differences were not statistically significant with or without the correction for the
first 50 s of the of exhaust flow (p = 0.23, N = 10). The dilution tunnel results were increased 24% to
31% from the addition of the mass of the extracted exhaust from the tailpipe sampling (Equation (7)).
This percentage was similar to the mean extracted flow rate; the extracted 19–23 l/min corresponded to
23–28% of the mean total exhaust flow rate.

Figure 4. CO2 emissions at the tailpipe (TP) or the dilution tunnel (Constant Volume Sampling (CVS))
with open or closed transfer tube over an entire WMTC test (blue areas). The corrections due to the
extracted tailpipe flow are also given (red areas). The additional emissions by correcting the first 50 s of
the exhaust flow rate based on the open configuration (Figure 3) is given for the TP closed case (green
dashed area). Error bars show one standard deviation of 2 (open) to 3 (closed) repetitions.

For the rest gases, the results were similar: The extracted flow rate from the tailpipe contributed
19% to 30%, while the first 50 s erroneous exhaust flow rate determination affected 3.5% (CO), 23%
(NOx), and 51% (hydrocarbons) of the rest gases. Thus, the contribution was pollutant specific.
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3.3. Solid Particle Number (SPN)

Figure 5 plots the SPN real time emissions over the tested cycle (WMTC) for the two configurations
(open and closed transfer tube). With the open configuration (Figure 5, upper panel), the SPN at the
CVS and tailpipe (TP) agree very well, with the exception of the first minute, where the CPC of the
tailpipe particle number system was saturated (it measured around 60,000 p/cm3 where the maximum
is around 10,000 p/cm3). The 10 nm was saturated for approximately 25–30 s, while the 23 nm CPC for
10–15 s. The good agreement between tailpipe and dilution tunnel results indicates that there were
no artefacts (i.e., formation of particles after the tailpipe). This was expected because the exhaust gas
temperature was low (<200 ◦C) and the instruments dilutions were high (>1000:1).

Figure 5. Real time solid particle number emissions (SPN) >10 nm with (a) open (upper panel) or (b)
closed (lower panel) transfer tube. Measurements at the tailpipe (TP) and the dilution tunnel (CVS) are
separately plotted for each case.

The picture is very different with the closed configuration (Figure 5, lower panel). The tailpipe
results are similar to the open configuration (compare blue dashed TP lines of lower and upper panels),
as expected, because the sampling location was the same. However, the SPN at the dilution tunnel is
smoother and in some cases the particle peaks appear later due to the variable residence time in the
transfer tube. The concentrations seem lower, especially in the first minute. The emissions are very
high at cold start, leading to considerable particle losses mainly due to agglomeration. These losses
yield decreased particle concentrations at the dilution tunnel.

Figure 6 summarizes the results of all tests conducted: Tailpipe and dilution tunnel measurements
with open and closed configurations. The results are given separately for the three CPCs with lower
particle sizes of 4 nm, 10 nm, and 23 nm. The CVS results were corrected for the extracted flow rate
from the tailpipe (Equation (7)) (bleed off), while for the TP results the extracted flow rate was taken
into account by adding it to the exhaust flow rate. The “bleed off” correction was 19–26% for the
open transfer tube case and 39–73% for the closed one. The percentages depend on the absolute
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emission levels, and also on when the emissions take place. The percentages are higher with the closed
configuration because the absolute levels are lower. The tailpipe results with the first 50 s corrected
exhaust flow rate for the cold start (Figure 3) were 69% to 149% higher than without the correction due
to the high SPN emissions at the cold start. After correction, the tailpipe measurements with the closed
configuration were close to the tailpipe measurements with the open configuration.

Figure 6. Solid particle number emissions (SPN) at the tailpipe (TP) or the dilution tunnel (CVS) with
open or closed transfer tube (blue areas). The corrections due to the extracted tailpipe flow are also
given (red area). The additional emissions by correcting the first 50 s of the exhaust flow rate based
on the open configuration (Figure 3) is given for the TP closed case (green area). Error bars show one
standard deviation of 2–3 repetitions.

After corrections, and assuming that the tailpipe results with the open configuration are the
reference values as best available option, the differences become –7% to +4% for the tailpipe with the
closed configurations, –2% to +19% for the dilution tunnel with the open configuration, but –19% to
–41% for the dilution tunnel with the closed configuration. The lower closed configuration results
indicate 20–40% particle losses in the exhaust transfer line. Theoretical calculations using the 4 nm
concentrations and a mean size of 20 nm estimated the contribution of agglomeration around 30% [44].
The contribution of thermophoresis was estimated to be <2%, and of diffusion <5%. As the corrected
results were in good agreement to each other, the possibility of sub-23 nm artefacts is unlikely in
our tests.

Based on the open transfer tube results, the specific moped had SPN23 emission levels below the
light-duty vehicles limit set for particles >23 nm (6 × 1011 p/km), but higher when considering the
particles below 23 nm. Based on the increasing emissions with decreasing lower size, the solid particle
size distribution peaked at a size close to 10 nm.

4. Discussion

This study, based on transient tests of a moped, quantified the uncertainties in emissions
measurements using gaseous analyzers and solid particle number (SPN) instruments with cut-off sizes
of 4 nm, 10 nm, and 23 nm at the tailpipe and the dilution tunnel. Two configurations were tested:
Closed and open transfer tube to the dilution tunnel; both allowed in the current EU regulations (for
gaseous pollutants). The results of this study can be used to draft a list of issues to be discussed in
current and future legislation development and research activities. This is the first study to discuss
uncertainties of this type for L-category vehicles. We are also not aware of similar discussions for
passenger car and trucks. Although the results cannot be directly generalized to other mopeds and
motorcycles (relative magnitude of the uncertainties may differ), Table 1 identifies common issues
which will be of significance.
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Table 1. Contribution of various parameters on results.

TP
Open

TP
Closed

CVS
Open

CVS
Closed

Comments

Exhaust flow Y Y N N Depends on the method. In this study ±5%

Extracted flow Y Y Y Y The effect can be assumed similar to the extracted
flow (CO2) or higher (SPN) (>25% in this study)

Dead volume
of transfer line N (Y) N Y

Will affect exhaust flow determination, (depending
on the method) due to gas mixing and dispersion.

Effect on SPN >50% in this study

Concentrations Y Y N N Cold start concentrations might exceed max range of
tailpipe instruments

Particle losses N N N Y Not for gases. Agglomeration for concentrations >1
× 107 p/cm3; 30% effect for peaks >1 × 108 p/cm3

Misalignment Y Y N N For ±1 s, in this study around ±5%

The results had to be corrected for the extracted flow rate from instruments sampling from the
tailpipe. This is typically done by the laboratory automation software for gaseous pollutants, but not
for SPN. The typical approach is to have two instruments measuring simultaneously at tailpipe and
dilution tunnel and add to dilution tunnel results the particles that are extracted from the tailpipe.
Using the CVS real time signal and correcting with the “true” CVS dilution factor based on the
differential method (Equation (9)) would be another approach when no tailpipe measurements are
taken. This correction was on the order of 19–73% in this study due to the low exhaust flow rate of the
moped (extracted flow 23–28% of mean flow). Thus, the instrument used (SPN instrument and gas
analyzers) were taking a significant part of the moped’s exhaust flow. The Global Technical Regulation
(GTR) 15 for light-duty vehicles allows a maximum 0.5% of the exhaust flow to be extracted and
not returned in order to validate a type-approval test. Practically, for this moped it would require
instruments with flow rates of <0.25 L/min, which do not exist. Thus, the extracted flow correction
might be necessary if in the future measurements from the tailpipe (e.g., for additional pollutants or
PEMS) will be required.

The tailpipe measurements need the exhaust flow rate for the calculation of the emissions, which
can introduce an error. We used three methods, all applicable only in the laboratory (not on-road):
Difference of CVS total and dilution air flow rates, CVS total flow rate, and dilution factors based on
CO2 tracer or carbon balance. The agreement of the three methods was excellent (5%). For diesel
vehicles, big errors have been reported with the CO2 tracer method during fuel cut-offs [48], but for
stoichiometric gasoline engines, the error should be small because the CO2 concentration remains
constant over most operating conditions. More studies are needed to better determine the exhaust flow
associated uncertainty, e.g., with other methods, such as intake air and fuel consumption or the lambda
measurement. This will be even more important when direct methods (i.e., exhaust flow meters) will
appear in the market. The time misalignment of the analyzers’ signals and the exhaust flow rate signals
for the tailpipe measurements can have an effect. For SPN, the effect of ±1 s misalignment was ±5%,
reaching ±10% in a few cases, which was in agreement with another study for light-duty vehicles [18].
Another study found up to 20% effect on the estimated catalyst efficiency for a ±2 s misalignment [48].
The time misalignment of the CO2 could also introduce an error on the exhaust flow determination
with the CO2 tracer method. An important issue was that with closed configuration the exhaust flow
of the first 50 s was erroneously calculated to be zero due to the “dead” volume of the transfer tube
and the associated dispersion and diffusion phenomena. This led to an underestimation of around
69% to 149% in the SPN results, but less than 2.3% for CO2. The error was significant for SPN because
the majority of the SPN emissions take place during cold start. Thus, this error will be important
for engines from which the majority of the emissions take place at the beginning of the test (cold
start). It could be avoided with better determination of the exhaust flow (e.g., exhaust flow meter or
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measurement of intake air and fuel flow). For SPN measurements, the instrument dilution (2000:1) that
was used was not enough for the 23 nm and 10 nm CPCs during cold start (10–30 s). This resulted in
an uncertainty in the tailpipe SPN results. Comparing with the concentrations of the CPCs at the CVS
with the open configuration for those seconds, the underestimation of the emissions was negligible for
the 23 nm CPC but around 10% for the 10 nm CPC. Higher dilutions can solve this issue, but higher
dilutions have higher uncertainty [24]. Thus, the tailpipe method needs further investigation in the
future before introducing it in the regulation.

For the specific moped and tests, the applied corrections increased the emissions significantly.
For example, for >10 nm, the tailpipe and dilution tunnel with closed configuration emissions were
around 4 × 1011 p/km; with the corrections, the emissions were approximately 112% (tailpipe) and 39%
(dilution tunnel) higher. The tailpipe results with the two configurations (open and closed transfer tube)
and the dilution tunnel results with the open configuration were within ±10% for the 23 nm and 10 nm
CPCs and ±20% for the 4 nm CPCs. The results of the closed configuration were 30% (23 nm, 10 nm)
to 47% (4 nm) lower due to particle losses in the transfer tube (30% from agglomeration, <5% from
diffusion, and <2% from thermophoresis). Decrease of particle levels of 10–40% have been reported
for passenger cars [18,43]. The open configuration decreased the agglomeration and thermophoretic
losses due to the immediate cooling dilution at the tailpipe and due to the decreased residence time in
the exhaust transfer line. There were no indications that the open or closed configurations formed
particles, but this needs more detailed studies as the partitioning of the semi-volatile particles will be
different for the two configurations [30]. Tests with heavy-duty diesel and CNG (compressed natural
gas) engines with cold and hot dilution showed similar results with 23 nm and 10 nm CPCs. Thus,
we expect small effect if any also for mopeds and motorcycles [49]. Dedicated studies have shown
that particles may be formed or grow to the measurement range of instruments from the silicone,
Teflon parts, or desorbed material of the transfer tube when the exhaust gas temperature is high.
These phenomena typically lead to quite large errors that in some cases reach an order of magnitude
difference [14,16]. The open configuration seems to minimize such artefacts, because the exhaust gas
temperature drops to low levels (<150 ◦C) [14]. It should be mentioned though that the uncertainty of
the SPN instruments are in the 10–15% range [3], and thus the errors associated with the extracted flow,
the cold start, and the particle losses are significant. The lower results from the dilution tunnel with
the closed configuration shows that L-category studies so far might have been underestimating the
emissions [10,13]. The exact magnitude depends on the exhaust gas temperatures, the size of particles,
and the SPN concentration levels. The major contributor seems to be the agglomeration losses during
cold start where the concentration levels are high. One of the key messages of this comparison is that
for future SPN regulations the open transfer tube configuration is more appropriate. In order to avoid
the uncertainties related to the open configuration (i.e., how much open, the ambient air might not be
filtered, etc.), it is the authors’ opinion that the open configuration could be replaced with a mixing tee;
a commonly used approach for gasoline light-duty vehicles. In this case, the flow of the dilution air
entering is well controlled and, in addition, the air is filtered minimizing the contribution of ambient
particles to the results. Special attention should be given to the material of the tube after the mixing tee
in order to minimize particle losses.

Closing, it should be mentioned that the SPN23 emissions after corrections were around
5 × 1011 p/km; lower than the current light-duty vehicle limit of 6 × 1011 p/km. However, the
SPN10 and SPN4 emissions were 8.3 × 1011 p/km and 14 × 1011 p/km, respectively, indicating that the
current methodology captures only a small percentage of the emitted particles. This is in agreement
with other studies for mopeds and motorcycles [10,13] and references therein. It also raises concerns
when comparing SPN emissions using instruments with different lower sizes. The most important
message though, based also on the previous studies [10,13], is that future regulations for mopeds and
motorcycles should consider a size lower than the current of 23 nm. Similar discussion is on-going
for light-duty and heavy-duty vehicles, where high sub-23 nm particle fractions (>100%) have been

89



Energies 2019, 12, 4343

measured in some cases, for instance, motorcycles [10], port-fuel injection engines [6], compressed
natural gas engines [18], and heavy-duty engines [50,51].

5. Conclusions

This study summarized the issues that have been raised in the literature regarding solid particle
number (SPN) measurements of L-category vehicles (e.g., mopeds and motorcycles), namely: Lower
particle size that should be counted, possibility of artefacts, use of long lines from the vehicle to the
dilution tunnel in combination with low exhaust flow rates, extraction of a sample from the tailpipe for
analysis, exhaust flow rate determination, time alignment, and cold start. In this study we quantified
the uncertainties in emission measurements of a moped, with emphasis on SPN and CO2 and concluded
on the setup with the highest accuracy for regulatory purposes.

The dilution tunnel measurements needed a 24–31% correction for CO2 and 19–73% for SPN to
account for exhaust extracted upstream of the dilution tunnel from instruments sampling from the
tailpipe (in our case 23–28% of the mean total exhaust flow) (bleed off). Furthermore, the particles
losses in the transfer tube from the moped to the dilution tunnel decreased the SPN emissions by an
additional 30% (dilution tunnel vs. tailpipe). The exhaust flow was determined via the difference
between total and dilution air flow, the CO2 tracer method, and the carbon balance. In this study, we
estimated about 5% of uncertainty associated to the average exhaust flow, which propagates to the
final emission results. The wrong estimation of the exhaust flow during the first minute of the cold
start, due to the “dead” volume in the transfer tube to the dilution tunnel, resulted in a >50% error in
SPN. A time misalignment of ±1 second gave differences of the SPN emissions on the order of ±5%.

Based on the results of this study, dilution tunnel SPN measurements in open configuration
without additional instruments sampling from the tailpipe would give the most accurate results for
regulatory purposes in terms of particle emissions. Tailpipe measurements for regulatory purposes
need further investigations when specific exhaust flow meters will be available.

The specific moped had SPN emissions of 5 × 1011 p/km: Lower than, but close to the passenger
cars limit when considering particles larger than 23 nm. The emissions were double when smaller
particles were included and exceeded the limit indicating that for this category a lower cut-off size is
more appropriate. With high dilution ratios (around 1000:1) and the tailpipe in open configuration,
and consequently, lower exhaust temperatures, the possibility of particle losses due to agglomeration
or formation of particles due to high temperatures can be minimized.
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