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Abstract: The breakthrough route involving a reduction shaft furnace operated with pure 11 

hydrogen gas (here called H2-SF) and the electric arc furnace is widely accepted as one of the 12 

most viable future alternatives for industrial-scale production of primary steel with minor CO2 13 

emissions. It has been clarified that the largest portion of the total energy for the entire route is 14 

consumed by the H2-SF operation, but this unit has not yet received much attention and should 15 

therefore be explored. For this, a mathematical model of a reduction shaft furnace is presented in 16 

this paper, where a set of simulations were also performed to shed more light on the operation of 17 

the H2-SF equipped with a top gas recycling system. The results show that a high gas feed rate is 18 

required for guaranteeing a smooth H2-SF operation due to the strong heat demand. An increase in 19 

the feed temperature of the gas or in furnace height can reduce the required gas feed. However, an 20 

excessive length may conversely result in an increase in the total energy consumption. The model 21 

and its results are expected to be helpful for gaining a better understanding of the complex 22 

processes in and constraints of the H2-SF. 23 

Keywords: H2 shaft furnace, top gas recycling, gas feed temperature, furnace height, energy 24 

consumption 25 
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I. Introduction 27 

As one of the biggest industrial emitters of carbon dioxide (CO2), the steel industry is committed 28 

to deep decarbonization, i.e., substantially cutting its carbon footprint, in order to mitigate climate 29 

change. However, owing to a weak infrastructure in developing countries and therefore a strong 30 

demand for primary steel, the production-associated CO2 emissions are anticipated to see 31 

inexorable growth if the current prevailing blast furnace/basic oxygen furnace (BF/BOF) route 32 

remains dominant. In this route, about 70% of the CO2 is emitted from the BF that is inherently 33 

based on coal (in the form of coke and pulverized coal) and the mechanical properties of coke for 34 

building a strong and permeable bed.
[1]

 The coal-dependent BF is thus not optimal for deep 35 

decarbonization of the steel industry although the reactor itself has been identified as the most 36 

energy-efficient means for producing hot metal. Focusing on a considerable or even full 37 

decarbonization, the last few years have seen an increasing debate and a number of proposals on 38 

the use of hydrogen gas (H2) for direct reduction of iron ore with no emissions other than water 39 

vapor. As an example, a hydrogen breakthrough ironmaking technology (HYBRIT) for the 40 

production of primary steel featuring close-to-zero carbon footprint was initiated jointly by three 41 

Swedish companies, and has attracted worldwide attention.
[2]

 The basic route of HYBRIT is to use 42 

a shaft furnace operated with pure H2 (hereinafter called H2-SF for short) to produce direct 43 

reduced iron (DRI) that is further refined into liquid steel in an electric arc furnace (EAF). In light 44 

of the foreseeable decreasing costs for renewable electricity and the increasing efficiencies of 45 

water electrolysis technology for H2 production, the H2-SF/EAF route is nowadays widely 46 

accepted as one of the most viable alternatives for industrial-scale production of primary steel with 47 

minor CO2 emissions.
[3]

 48 

In a recent study, the H2-SF/EAF route was assessed in terms of energy economy using a static 49 

model developed on the basis of overall material and energy balances.
[4]

 The results showed that 50 

roughly 70% of the total energy is consumed by the operation of the H2-SF, where iron ore 51 

reduction with H2 takes place. The H2-SF considered was equipped with a top-gas-recycling 52 

system and the H2 gas stream fed into the furnace was a mixture of recycled H2 and fresh H2, of 53 

which the latter is responsible for the energy consumption stemming from H2 production. By 54 

inspecting the supplementary data of the paper,
[4]

 it can be found that the (total) gas feed rate is 55 

only about 824 Nm
3
/t-DRI (from 95% Fe2O3 + 5% inert pellet), and the furnace operating 56 

temperature and target DRI metallization are 1073 K and 0.94, respectively. On the basis of an 57 

oxygen balance, the rate of fresh H2 in the feed gas can be estimated to be 527 Nm
3
/t-DRI, 58 

indicating a low recycled rate of H2 (of about 297 Nm
3
/t-DRI), thus implying a very high H2 59 

utilization degree of 64% and a very low recycle-to-fresh feed ratio of H2 of 0.56. In comparison, 60 

Spitzer et al.
[5]

 predicted the H2 utilization degree for the H2-SF to be ≤ 55% even at a higher 61 
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operating temperature (1173 K) that facilitates the endothermic H2 reduction reaction (approx. +50 62 

kJ/mol-Fe at 298 K) both thermodynamically and kinetically. It is therefore presumed that a higher 63 

gas feed rate is required for guaranteeing a smooth H2-SF operation, where the target DRI 64 

metallization of 0.94 can be reached at an operating temperature of 1073 K. Consequently, there is 65 

a clear need for a better understanding of the H2-SF operation, especially concerning the 66 

requirement of feed gas under different operating conditions. 67 

In the literature, very few attempts
[6, 7]

 have been made to analyze the operation of the H2-SF and 68 

most relevant work was carried out with the reducing agent being a gas mixture (i.e., syngas) of 69 

carbon monoxide (CO) and H2.
[8-20]

 However, since the 1970, fundamental experimental and 70 

modeling work on hydrogen reduction of iron oxides has been undertaken,
[21-23]

 as discussed in 71 

two recent review papers.
[24, 25]

 It is, therefore, possible to adopt a general modeling methodology 72 

for conducting a numerical study to shed more light on the H2-SF operation. For this, a 73 

shaft-furnace model based on a description of the gas-solid countercurrent flow involving coupled 74 

heat and mass transfers and chemical reactions is presented in the current work, where the 75 

underlying principles, governing equations together with the appropriate computational algorithm 76 

are outlined in detail. The model is validated by comparison with measured data from a 77 

small-scale syngas-based shaft furnace. In order to gain a deeper insight into the operation of the 78 

H2-SF, the model is further applied to investigate how the reduction state, gas feed rate as well as 79 

energy economy are affected by the gas feed temperature and furnace height. 80 

II. Modelling 81 

A. Process Description and Simplifications 82 

The system studied computationally in this paper is a top gas recycling (TGR) H2-SF as depicted 83 

schematically in Fig. 1. The TGR system consists of a (hot-gas) cyclone for off-gas de-dusting and 84 

a condenser for heat recovery and H2 separation from the de-dusted off-gas. Fresh H2 is generated 85 

by a set of electrolysis units relying on renewable energy-based (or nuclear power-based) 86 

electricity. The feed gas composed of fresh H2 generated by the electrolysis units and recycled H2 87 

supplied by the TGR system is compressed, preheated and then blown into the H2-SF through a 88 

bustle-pipe circumferentially installed around the lower part of the furnace. As the 89 

high-temperature gas ascends in the furnace, it heats and reduces the descending bed of 90 

iron-bearing pellets charged at the top of the H2-SF. Eventually, the pellets are converted to 91 

carbon-free DRI around the bustle-pipe level. The hot DRI descends a short distance to the H2-SF 92 

bottom and is then removed by a series of water-cooled screw conveyors. After this, the DRI is 93 

delivered to the EAF, where hot charging is applied and a small amount of carbon-containing feed 94 

of biogenic origin is added to aid the refinement of the carbon-free DRI into liquid steel. 95 
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 96 

Fig. 1 Schematic depiction of the TGR H2-SF/EAF production route and the reduction zone 97 

considered in the current work. 98 

 99 

The current work is aimed at getting a better insight into the TGR H2-SF operation by developing 100 

and applying a mathematical model built on a description of the complicated gas-solid 101 

countercurrent flow involving coupled heat and mass transfers and chemical reactions. The main 102 

assumptions and simplifications underlying the model are: 103 

(1) Only the reduction zone between the stock-line and bustle-pipe level (cf. Fig. 1) is 104 

considered. 105 

(2) The reduction zone is simplified to be cylindrical with a constant inner diameter. 106 

(3) The solid phase, i.e., the moving bed of iron-bearing pellets, is regarded as a pseudo-fluid 107 

and its phasic volume fraction (i.e., bed porosity) is assumed to be uniform. 108 

(4) Temporal, radial and tangential distributions of quantities including velocity, temperature 109 

and species fraction of the phases are neglected. Therefore, the mathematical model is 110 

static and one-dimensional. 111 

(5) The reduction rate of an individual pellet is calculated by applying the widely accepted and 112 

used multi-step unreacted shrinking core model (USCM), where it is considered that iron 113 

oxides are reduced following three consecutive steps: Fe2O3 → Fe3O4, Fe3O4 → FexO (x = 114 

0.952) and FexO → Fe at temperatures above 849 K or two consecutive steps: Fe2O3 → 115 
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Fe3O4 and Fe3O4 → Fe at temperatures below 849 K. 116 

(6) Heat transfers by radiation and conduction within the pellets are ignored. All reaction 117 

enthalpies are lumped as a heat source in the energy conservation equation for the solid 118 

phase. 119 

(7) The gas flow is assumed to be fully turbulent, so the resistance of either mass or heat 120 

transfer through the boundary film is marginal and therefore neglected. 121 

 122 

B. Main Formulation 123 

With the above assumptions and simplifications, the general partial differential equations of mass 124 

and energy conservation can after a series of proper algebraic manipulations be reduced to a set of 125 

coupled ordinary differential equations (ODEs). For the gas phase, the distribution of bulk 126 

temperature, Tg, in the vertical (downward) direction, denoted as z in Fig. 1, is written as 127 

   [1] 128 

where ε, dp, S, G, ρg, Cg and D are the bed porosity, pellet diameter, cross-sectional area of 129 

reduction zone, volumetric flow rate of gas, density of gas, specific heat capacity at constant 130 

pressure of gas and inner diameter of reduction zone, respectively. hp and hw are the gas-solid heat 131 

transfer coefficient (HTC) and the overall HTC through the water-cooled furnace wall, while Ts 132 

and Ta are the solid and ambient temperatures. 133 

In Eq. [1], the gas-solid HTC, hp, is expressed by the correlation proposed by Akiyama et al.
[26]

 134 

       [2] 135 

where kg, Rep and Pr are the gas thermal conductivity, (pellet particle) Reynolds number and (gas) 136 

Prandtl number, respectively. 137 

The overall HTC through the water-cooled furnace wall is determined with the correlation used by 138 

Rahimi and Niksiar
[16]

 139 

      [3] 140 

where μg is the dynamic viscosity of the gas. 141 

The distribution of gas pressure, Pg, in the z direction is estimated from 142 

     [4] 143 

where ug is the superficial velocity of the gas. 144 

The distribution of mole fraction of each gaseous species, Yi, in the z direction is written as 145 
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     [5] 146 

where ng is the mole flow rate of the gas phase. V is the reduction rate of an individual pellet and 147 

subscript j = 1, …, 4 denotes the reduction steps Fe2O3 → Fe3O4, Fe3O4 → FexO, FexO → Fe and 148 

Fe3O4 → Fe, respectively. 149 

In order to keep the present model general and thus suited for a wider range of applications, 150 

including both syngas-based shaft furnaces and H2-SFs, subscript i = 1, …, 4 represents CO, H2, 151 

CO2, H2O in Eq. [5]. The reduction rate of an individual pellet (V in Eq. [5]) is calculated using 152 

the widely accepted and used multi-step USCM. For the sake of brevity, this model is not 153 

presented here: the reader is referred to Hara et al.
[8]

 for a thorough description. 154 

As for the temperature of the solid phase, we have 155 

 [6] 156 

where W and Cs are the mass flow rate of solid and specific heat capacity of solid, ΔH is the 157 

reaction enthalpy of the reduction reactions, while Vwg and ΔHwg are the reaction rate and enthalpy 158 

of the water gas shift reaction (WGSR). 159 

The distribution of reduction degree of each reduction step, Xj, in the solid phase is obtained from 160 

       [7] 161 

where κ is the total initial reducible oxygen content in an individual pellet. In Eq. [7], β = 0.1111, 162 

0.1889, 0.70, 0.8889 is the initial oxygen mole fraction pertaining to the reduction steps Fe2O3 → 163 

Fe3O4, Fe3O4 → FexO, FexO → Fe and Fe3O4 → Fe. Accordingly, the total reduction degree, Xtotal, 164 

is expressed as 165 

   [8] 166 

Considering the two reducing gases, i.e., CO and H2, and four reduction steps, i.e., Fe2O3 → Fe3O4, 167 

Fe3O4 → FexO (Ts > 849 K), FexO → Fe (Ts > 849 K) and Fe3O4 → Fe (Ts ≤ 849 K), the present 168 

model encompasses nine chemical reactions, one of which is the WGSR and the remaining eight 169 

are related to iron oxide reduction. In expressing the homogeneous WGSR and the heterogeneous 170 

reactions of iron oxide reduction, correlations obtained by fitting the corresponding 171 

thermochemical data reported by NIST
[27]

 were used for estimation of the temperature-dependent 172 

equilibrium constants and reaction enthalpies. The relevant physical properties for the solid and 173 

gas phases are mass-weighted average values and the properties of each gas species and solid 174 

species were also compiled from the NIST database. Empirical correlations can be taken from 175 
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reliable literature sources
[8-16]

 to estimate the kinetic parameters, including reaction rate constant 176 

and effective diffusion coefficient (only for the heterogeneous reactions of iron oxide reduction). 177 

C. Boundary Conditions and Computational Algorithm 178 

The model consists of eleven coupled ODEs (for Tg, Pg, Yi = 1, 2, 3, 4, Ts and Xj = 1, 2, 3, 4) with split 179 

boundary conditions: At the top of the reduction zone (z = 0), the gas pressure (Pg), solid 180 

temperature (Ts) and solid reduction degree (Xj) are given 181 

     [9] 182 

while at the bottom of the reduction zone (z = L), the gas temperature (Tg) and composition (Yi) are 183 

given 184 

        [10] 185 

The resulting nonlinear system of ODEs with the two-point boundary conditions was solved 186 

numerically by a shooting method. A basic step of this method is to assume the missing 187 

top-boundary values of Tg and Yi, and then integrate all the ODEs simultaneously downward to 188 

calculate all the quantities at the lower boundary using the fourth-order Runge-Kutta approach. A 189 

multi-variable least-square optimization scheme was applied to determine the top-boundary values 190 

of Tg and Yi with the objective of minimizing the differences between the calculated Tg and Yi at 191 

the bottom and the corresponding given boundary values. This numerical technique also allowed 192 

for tackling other types of formulations of the problem. For instance, instead of giving the gas feed 193 

rate in advance (as in most previous models), the minimum gas feed rate that can reach a target for 194 

the DRI metallization can be determined. 195 

 196 

D. Evaluation of Energy Consumption 197 

In order to evaluate the TGR H2-SF process in terms of energy use, the energy consumptions 198 

stemming from electrolysis (Ee), compression (Ec) as well as heating (Eh) of H2 are computed with 199 

        [11] 200 

      [12] 201 

      [13] 202 

Here, ΔHwater is the formation enthalpy of water. λe, λc and λh are the efficiency factors of 203 

electrolyser, compressor and heater, respectively. nfresh and nrecyc are the mole flow rates of fresh 204 

and recycled H2, Tm and Pm are the outlet temperature and pressure of the mixer (cf. Fig. 1), while 205 

ω and R are the molecular mass of H2 and universal gas constant. 206 
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In Eq. [13], the outlet temperature of the mixer, Tm, is iterated using 207 

   [14] 208 

where Te and Tcond are the outlet temperatures of the electrolyser and condenser, respectively. 209 

For the sake of simplicity, the total energy consumption of the process, Etotal, is estimated from 210 

        [15] 211 

E. Model Validation 212 

Since measured data from the operation of industrial H2-SF units is still unavailable, the accuracy 213 

of the model outlined above was verified using a set of data obtained from a small-scale 214 

syngas-based shaft furnace. Key specifications and operating parameters of this unit are 215 

summarized in Table 1. The reader is referred to Kaneko et al.
[10]

 and Takenaka et al.
[11]

 for more 216 

detailed information about furnace constitution, chemical composition of pellets as well as the 217 

correlations used for the kinetic parameters. 218 

 219 

Table 1 Key specifications and operating parameters of the small-scale shaft furnace for model 220 

validation 221 

Parameter (symbol) Value 

Length of reduction zone (L) 2.70 m 

Diameter of reduction zone (D) 0.25 m 

Pellet diameter (dp) 14.0 mm 

Top gas pressure (Pg,0) 1.0 atm 

Bed porosity (ε) 0.4 (adapted
[13]

) 

Solid 

phase 

(z = 0) 

Feed temperature (Ts,0) 298 K 

Feed rate (W0) 84.8 kg/h 

Reduction degree (Xtotal,0) 0 

Gas 

phase 

(z = L) 

Feed temperature (Tg,L) 1113 K 

Volumetric flow rate (GL) 92.6 Nm
3
/h 

Composition (YCO,L, YH2,L) 0.40, 0.55 

 222 

A simulation case using the parameters in Table 1 was performed. Figure 2 shows the predicted 223 

CO and H2 mole fractions (panel a), gas temperature and total solid reduction degree (panel b) 224 

along the furnace height (solid lines) and the corresponding measured data (circles and diamonds, 225 

defined in the legends). Even though there are some regions of larger discrepancies, the overall 226 

agreement between the predicted profiles and the measurements in the figure confirms the 227 
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accuracy of the model. The mismatch in temperatures in the upper part of the shaft could be 228 

attributed to an over-estimation of the heat transfer coefficient by Eq. [2]. Similar observations 229 

have been in models simulating the blast furnace shaft, where correlation factors have been 230 

introduced to yield temperature profiles in better agreement with probe measurements.
[28, 29]

 231 

 232 

 233 

Fig. 2 Comparisons between model prediction and measured data.
[11]

 Panel a: distributions of CO 234 

and H2 mole fractions. Panel b: distributions of gas temperature and total reduction degree. 235 

 236 

III. Simulation Results and Discussions 237 

A. Modeling Parameters 238 

By setting the contents of CO, CO2 and H2O in the feed gas to 0, the present model can be used to 239 

simulate the operation of the TGR H2-SF. The key specifications and operating parameters of the 240 

furnace considered are summarized in Table 2. For the sake of simplicity, the desired DRI 241 

metallization was fixed at MDRI = 1 in the current work. Therefore, the rate of fresh H2 can be 242 

computed in advance on the basis of an oxygen balance, and thus stays constant at 542 Nm
3
/t-DRI 243 

for the pellet listed in Table 2. It should be mentioned that it is straightforward to apply other 244 

metallization degrees as well by applying iterations. However, such analysis will be left for a 245 

future study. 246 

The temperature-dependent correlations used by Takahashi et al.
[12]

 for determining the kinetic 247 

parameters concerning H2 reduction of iron ore are outlined in Table 3. In evaluating the energy 248 
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consumptions, the formation enthalpy of water, efficiency factors of electrolyser, compressor and 249 

heater, outlet pressure of the mixer, and outlet temperatures of the electrolyser and condenser were 250 

selected as ΔHwater = -2.42×10
5
 J/mol, λe = 60%, λc = 70%, λh = 70%, Pm = 1.0 atm, Te = 298K and 251 

Tcond = 343 K, respectively.
[4]

 252 

 253 

Table 2 Key specifications and operating parameters of the H2-SF considered in the current work 254 

Parameter (symbol) Value 

Diameter of reduction zone (D) 3.5 m 

Pellet diameter (dp) 14.0 mm 

Top gas pressure (Pg,0) 1.5 atm 

Bed porosity (ε) 0.4 

Solid 

phase 

(z = 0) 

Pellet composition/wt % 

[T.Fe, FeO, CaO, SiO2, 

MgO, Al2O3, Rest] 

[64.60, 0.26, 0.26, 

3.71, 0.14, 2.18, 

1.45] 

Feed temperature (Ts,0) 298 K 

Feed rate (W0) 100.0 kg/h 

Reduction degree (Xtotal,0) 0 

 255 

Table 3 Correlations of kinetic parameters concerning H2 reduction of iron ore 256 

Parameter Reduction step Correlation 

Chemical 

reaction 

rate 

constant 

[cm/s] 

Fe2O3→Fe3O4 

or 

Fe3O4→Fe 
 

Fe3O4→FexO  

FexO→Fe  

Effective 

diffusion 

coefficient 

[cm
2
/s] 

Fe2O3→Fe3O4 

or 

Fe3O4→Fe 
 

Fe3O4→FexO  

FexO→Fe  

 257 

B. Detailed Results of Reference Case 258 
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In this subsection, a reference simulation case under the conditions of L = 5.5 m and Tg,L = 1173 K 259 

was performed and the predicted main process variables are reported in Table 4. 260 

 261 

Table 4 Predicted main process variables of the reference simulation case 262 

Variable Value 

Gas feed pressure 2.1 atm 

Recycled H2 rate 1821 Nm
3
/t-DRI 

Total gas feed rate 2363 Nm
3
/t-DRI 

H2 utilization degree 22.9% 

Recycle-to-fresh feed ratio 3.4 

Electrolysis energy 9.8 GJ/t-DRI 

Heating energy 3.8 GJ/t-DRI 

Compression energy 0.3 GJ/t-DRI 

Heat utilization degree 66.3% 

 263 

As can be seen in the upper rows of the table, the gas feed pressure and recycled H2 rate are 2.1 264 

atm and 1821 Nm
3
/t-DRI, respectively. The predicted recycled H2 rate and the fixed fresh H2 rate 265 

calculated on the basis of an oxygen balance yield a high gas feed rate, 2363 Nm
3
/t-DRI, a low H2 266 

utilization degree, 22.9%, as well as a high recycle (-to-fresh feed) ratio of H2, 3.4. The high gas 267 

feed rate is determined by the strong heat demand due to the heavily endothermic effect of H2 268 

reduction as well as the required heating of the solid phase, which is charged at room-temperature. 269 

The H2 utilization is thus inevitably poor since an excessively large amount of H2 in the gas phase 270 

merely acts as a carrier for thermal energy (i.e., sensible heat) to meet the heat demand, rather than 271 

a chemical energy-bearing reducing agent that reduces the iron oxides and keeps the in-furnace 272 

reducing potential sufficient. This basically underscores the crucial significance of the TGR 273 

system by which the valuable H2 remaining in the off-gas can be reused. As for energy economy, 274 

the consumption stemming from production of (fresh) H2 by electrolysis is 9.8 GJ/t-DRI, while the 275 

energy consumptions for heating and compressing the feed gas are 3.8 GJ/t-DRI and 0.3 GJ/t-DRI, 276 

respectively. These values yield a total energy consumption of 13.9 GJ/t-DRI and reveal that 277 

electrolysis represents the largest share, about 71%. Also, the energy consumption for compressing 278 

is seen to be considerably less than the ones for electrolysis and heating. It may therefore be 279 

concluded that the efficiency of water electrolysis technology plays a decisive role in determining 280 

the competitiveness of the H2-SF process. For example, the total energy consumption is decreased 281 

from 13.9 GJ/t-DRI to 11.5 GJ/t-DRI if the efficiency factor of electrolyser is increased from 60% 282 
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to 80%. Since the high gas feed rate is determined by the strong heat demand of the H2-SF, it is 283 

also instructive to clarify the extent to which the sensible heat carried by the feed gas is utilized in 284 

the furnace. For this, a heat utilization degree was defined as the total demand including the heat 285 

for offsetting the heavily endothermic effect of H2 reduction as well as the demand for heating the 286 

solid phase by the sensible heat in the feed gas. As reported in the last row of Table 4, the heat 287 

utilization degree for the reference case is 66.3%, which is much higher than the H2 utilization 288 

degree (22.9%) reflecting the extent to which the chemical energy of feed gas is utilized. 289 

In order to shed more light on the gas utilization in the H2-SF, the H2 mole fraction of the gas 290 

phase and the equilibrium values of each reduction step calculated at the solid temperature are 291 

compared in Fig. 3. It is observed that the mole fraction of H2 remaining in the gas phase 292 

decreases slightly from 1 at the bustle-pipe level to 0.771 at the stock-line (cf. Fig. 1). As a result, 293 

a large fraction of surplus H2 generally exists in the furnace. In the present model, a simple 294 

algorithm based on trapezoidal numerical integration was applied to calculate the 295 

volume-weighted average fraction of surplus H2 for each reduction step. Considering the profiles 296 

of H2 mole fraction depicted in Fig. 3, the volume-weighted average fraction of surplus H2 was 297 

estimated to be 0.235 for the wustite reduction reaction (FexO → Fe), which is the most difficult 298 

step thermodynamically. 299 

 300 

 301 

Fig. 3 Comparisons between mole fraction of H2 remaining in the gas phase and the equilibrium 302 

values of each reduction step. 303 

 304 
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More detailed results elucidating the in-furnace reduction state are shown in Fig. 4, where the 305 

distributions of various quantities along the vertical distance from stock-line are depicted. As seen 306 

in panel a of the figure, both the solid and gas temperatures initially experience a considerably 307 

sharp increase in the uppermost part of the reduction zone, where the descending solid charged at 308 

298 K is quickly heated by the ascending hot gas. Then, the temperatures of the two phases tend to 309 

rise slowly as the bottom is approached. This slow rise of temperature is intimately linked to the 310 

endothermic effect particularly concerning H2 reduction of Fe3O4 and FexO. As for a scenario with 311 

the feed gas being pure CO, however, the solid and gas temperatures were found to decrease 312 

steadily towards the bottom after experiencing a similarly drastic increase in the uppermost part.
[9]

 313 

The reason lies in the fact that iron oxide reduction with CO is moderately exothermic. Along the 314 

vertical downward direction, moreover, the metallization of solid (Ms) increases continuously 315 

towards the bottom, where the desired DRI metallization is ultimately reached. 316 

 317 

 318 

Fig. 4 Detailed results of the simulation case under the reference conditions (L = 5.5 m and Tg,L = 319 

1173 K). Panel a: the distributions of solid temperature, gas temperature and metallization of solid. 320 

Panel b: the distributions of reduction rates of each reduction step. 321 

 322 

In panel b of Fig. 4, the distributions of reduction rates (per unit bed volume) for each reduction 323 

step are plotted. Since both the solid temperature and H2 mole fraction increase along the vertical 324 

downward direction, the reduction for each step is seen to be fast initially when the pore 325 
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diffusional resistance of the pellet is marginal. However, the reduction tends to slow down 326 

gradually in the middle-to-late stage when the diffusional resistance becomes dominant. More 327 

interestingly, the model predicts that magnetite is reduced directly to metallic iron (Fe3O4 → Fe) 328 

in the upper part of the furnace, where the solid temperature is relatively low. This is a result of the 329 

poor H2 utilization in the H2-SF since the Fe3O4 → Fe reaction can only occur at a low 330 

temperature (≤ 849 K) if the H2 mole fraction exceeds 0.76 (cf. Fig. 3). It is also observed in the 331 

figure that the low-temperature Fe3O4 → Fe reaction terminates abruptly at the point where the 332 

solid temperature reaches Ts = 849 K. After that, the Fe3O4 → FexO and FexO → Fe reactions take 333 

place simultaneously. 334 

 335 

C. Effects of Gas Feed Temperature and Furnace Height 336 

The results of the reference case illustrate that the H2 utilization in the H2-SF is poor and, thus, the 337 

rate of recycled H2 is rather high compared to the (fixed) fresh H2 supply rate. Although the H2 can 338 

be reused, a high recycled rate still means a high rate of feed gas, which must be preheated and 339 

blown into the furnace at the cost of a high energy consumption for heating and compression. A 340 

decreased rate of recycled H2 (corresponding to a better H2 utilization) is thereby desirable. As 341 

clearly shown in panel a of Fig. 5, an increase in gas feed temperature (Tg,L) can lower the fraction 342 

of H2 remaining in the exiting gas phase and thus reduce the recycled H2 rate, which is studied in 343 

the next paragraph. In principle, an increase in Tg,L gives rise to a higher sensible heat per mole-H2 344 

as well as a larger temperature difference between the gas the solid phases. As a consequence, a 345 

lower quantity of H2 is needed since it is utilized in a more efficient way to satisfy the heat 346 

demand. Heating the feed gas to the maximum possible temperature is therefore beneficial for the 347 

H2-SF operation. However, it should be kept in mind that the feed gas temperature is, in practice, 348 

limited by the softening point of DRI (1223 K or possibly an even lower value). In panel b of Fig. 349 

5, it is demonstrated that increasing the furnace length from a low value (L = 3.5 m) can also lower 350 

the fraction of H2 remaining in the exiting gas phase. The positive effect of increasing L is 351 

attributed to the fact that it increases the solid residence time in the furnace, which leads to a better 352 

gas-solid heat exchange. 353 
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 354 

Fig. 5 Effects of gas feed temperature (panel a: L = 5.5 m) and furnace height (panel b: Tg,L = 1173 355 

K) on the distribution of H2 mole fraction. 356 

 357 

More simulations with a change in either Tg,L or L were carried out and the main process variables 358 

are depicted in Figs. 6-8. Figure 6 shows that the recycled H2 rate decreases with an increase in 359 

either Tg,L or L and that is generally ≥ about 1650 Nm
3
/t-DRI under the operating conditions 360 

considered. Since the rate of fresh H2 was fixed (at 542 Nm
3
/t-DRI), the total gas feed rate is 361 

higher than 2192 Nm
3
/t-DRI. The corresponding H2 utilization degrees and recycle ratios of H2 362 

were thus estimated to be generally lower than about 25% and higher than 3.0, respectively. For 363 

the sake of comparison, the corresponding changes of the heat utilization degree are depicted in 364 

Fig. 7, where it is seen to ranges from about 50% to 70% and becomes higher with an increase in 365 

either Tg,L or L. These observations further confirm that the high gas feed rate needed is 366 

determined by the strong heat demand in the H2-SF. As a result, a large fraction of surplus H2 367 

generally exists in the furnace and the H2 utilization degree is, therefore, inevitably low. 368 
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 369 

Fig. 6 Effects of gas feed temperature and furnace height on the rate of recycled H2. 370 

 371 

 372 

Fig. 7 Effects of gas feed temperature and furnace height on the heat utilization degree. 373 

 374 

As revealed in Figs. 6-7, a lower rate of recycled H2 and a higher heat utilization degree can be 375 

achieved by increasing the furnace length from a low value. Nevertheless, at a given Tg,L the two 376 

variables appear to change only marginally for L > 6.5 m, implying that the corresponding solid 377 

residence time can yield a near-limit gas-solid heat exchange, so a further extension of the furnace 378 

is ineffective for reducing the gas feed rate. From a practical point of view, an overly long furnace 379 

would increase the total energy consumption through an increased need for compressing the feed 380 

gas to offset the pressure drop in the packed bed. Still, it should be pointed out that the increase in 381 

the total energy consumption is anticipated to be small since the energy consumption for 382 

compressing was estimated to be considerably less than the ones for electrolysis and heating. 383 

These arguments are substantiated in Fig. 8, where it is shown that the total energy consumption at 384 

a given Tg,L decreases when L increases from 3.5 m to a critical value being around 6.5 m. After 385 
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that, the total energy consumption tends to rise (slightly). It may also be concluded that the total 386 

energy consumption is ≥ 13.7 GJ/t-DRI under the operating conditions considered. 387 

 388 

 389 

Fig. 8 Effects of gas feed temperature and furnace height on the total energy consumption. 390 

 391 

IV. Concluding Remarks and Future Prospects 392 

A general shaft-furnace model based on a description of the gas-solid countercurrent flow 393 

involving coupled heat and mass transfers and chemical reactions was developed. Special 394 

emphasis was put on making the model suited for a wider range of operating conditions, including 395 

both syngas-based shaft furnaces and shaft furnaces operated with pure H2 (termed H2-SF). A 396 

proper computational algorithm was designed to make it possible to solve for arbitrary unknowns 397 

in the system, e.g., to determine the minimum gas feed rate. The accuracy of the model was 398 

verified using measured data from a small-scale syngas-based shaft furnace. To gain a deeper 399 

insight into the operation of the H2-SF with top gas recycling, a set of simulations was performed, 400 

showing the general conditions and states concerning the operation of the process. The main 401 

conclusions of the current work can be summarized as: 402 

(1) A high gas feed rate is required for guaranteeing a smooth H2-SF operation due to the 403 

strong heat demand of the process. The rate of recycled H2 is rather high compared to the 404 

fresh H2 supply rate, yielding an inevitably low H2 utilization degree and high 405 

recycle-to-fresh ratio. A lower rate of recycled H2 can be achieved by increasing the gas 406 

feed temperature or the furnace length. 407 

(2) At a critical furnace length, a near-limit gas-solid heat exchange is yielded and a further 408 

extension of the furnace is ineffective for reducing the gas feed rate. Conversely, an overly 409 

long furnace can increase the total energy consumption. 410 

(3) Under the operating conditions considered in the current work, where the desired DRI 411 



19 

metallization is fixed at 1, the H2 utilization degree is lower than 25% and the 412 

recycle-to-fresh ratio of H2 is higher than 3.0. Moreover, the total energy consumption is 413 

generally higher than 13.7 GJ/t-DRI, where electrolysis for producing H2 is responsible for 414 

the largest share. 415 

 416 

In forthcoming work, sensitivity studies involving more factors will be undertaken using the 417 

model, where sintering of the formed porous iron shell at a high temperature will be taken into 418 

account and sensitivity analysis of the effects of pellet reducibility and inert/oxidizing species (i.e., 419 

N2/H2O) content in the gas will also be undertaken. On the basis of the results, it can be concluded 420 

that the H2-SF requires a considerable recycling of the recovered H2 in the off-gas to satisfy the 421 

strong heat demand of the process, which calls for new solutions to improve the efficiency of the 422 

process. For this, the model will be extended to consider the reaction between H2 and oxygen that 423 

is injected from a proper position at the upper part of the H2-SF, making it possible to mimic a 424 

more interesting scenario where the strong heat demand is satisfied by the combustion of the 425 

surplus H2. Also, the model will be used to study other alternative ways of relaxing the strong 426 

constraints imposed by the need to supply substantial thermal energy to the process. 427 
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